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PREFACE 


This  report  summarizes  research  activities  conducted  by  Dow  Chemical  Company,  Environmental 
Chemistry  Research  Laboratory  with  the  Air  Force  Armstrong  Laboratories  Environics 
Directorate  under  a  Cooperative  Research  &  Development  Agreement  (CRD A)  #93-03  “Field 
Evaluation  of  an  Envirex  GAC  Fluid-Bed  Bioreactor  for  Treatment  of  Chlorobenzene  in 
Groundwater”. 


The  work  summarized  in  this  report  have  been  conducted  by  Gary  M.  Klecka  (principal 
investigator),  Steven  G.  McDaniel,  Prentice  S.  Wilson,  Constance  L.  Carpenter  and  James  E. 
Clark  of  Dow  Chemical  Company,  and  Alison  Thomas  and  Jim  C.  Spain  of  Armstrong 
Laboratory. 
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EXECUTIVE  SUMMARY 


Objective 

The  present  study  was  conducted  to  evaluate  the  utility  of  an 
Envirex  granular  activated  carbon  (GAC),  fluid-bed  bioreactor  to 
treat  chlorobenzene-contaminated  groundwater.  Readily  available 
sources  of  the  microbial  inoculum  to  be  used  during  startup  were 
identified.  Performance  of  the  bioreactor  was  examined  over  a 
range  of  operating  conditions,  including  the  effects  of  organic 
loading  on  effluent  quality.  Costs  of  groundwater  treatment  using 
the  GAC  fluid-bed  bioreactor  were  compared  with  other  conventional 
technologies. 

Background 

Bioreactors  of  this  type  are  commercially  available,  and  have  been 
widely  used  for  treatment  of  groundwater  and  process  waters 
containing  readily  biodegradable  aromatic  hydrocarbons.  Since  pure 
oxygen  is  predissolved  with  the  influent  stream,  such  systems  can 
be  used  to  destroy  volatile  organic  compounds  because  volatilization 
from  the  reactor  is  essentially  eliminated.  To  date  however,  the 
application  of  bioreactors  for  treatment  of  chlorinated  organic 
compounds  has  been  limited,  principally  due  to  their  perceived 
resistance  to  biodegradation.  Recently,  specialized  microbial 
processes  have  been  discovered,  and  it  is  now  known  that  a  variety 
of  chlorinated  aliphatic  and  aromatic  hydrocarbons  can  be  utilized 
by  microorganisms  as  carbon  sources  for  growth. 

Scope 

The  work  was  conducted  under  a  collaborative  research  and 
development  agreement  between  the  U.  S.  Air  Force  and  The  Dow 
Chemical  Company.  The  field  evaluation  was  conducted  at  an 
existing  Dow  manufacturing  facility,  where  the  groundwater  has 
been  previously  shown  to  contain  chlorobenzene,  along  with  small 
amounts  of  aniline.  During  the  field  study,  the  GAC  fluid-bed 
bioreactor  was  installed  parallel  to  an  existing  air-stripper  and 
thermal  oxidizer  system  used  for  groundwater  treatment. 
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Results 

Performance  of  the  reactor  was  examined  over  a  7-month  period. 
Treatment  efficiencies  exceeding  99.99%  were  achieved  at  loading 
rates  within  the  design  capacity  (6  to  10  pounds  of  total  oxygen 
demand  [lb  TOD]  per  day)  and  hydraulic  residence  times  of  7  minutes. 
Although  chlorobenzene  concentrations  varied  from  100  to  170  ppm, 
performance  of  the  reactor  was  constant  and  effluent  chlorobenzene 
concentrations  were  consistently  reduced  to  below  the  detection 
limit  of  10  ppb.  At  loading  rates  of  5  and  9  lb  TOD/day,  the  ratio  of 
oxygen  consumption  to  the  influent  TOD  concentration  ranged  from 
0.93  to  0.99,  suggesting  that  biodegradation  was  the  principal 
removal  mechanism.  Volatilization  from  the  reactor  was  negligible, 
as  determined  by  periodic  organic  vapor  analysis.  Additional  studies 
conducted  at  loading  rates  in  excess  of  the  design  capacity  were 
useful  for  identifying  critical  operating  parameters  and  potential 
system  improvements,  but  were  not  representative  of  performance 
at  lower  loadings. 

Economic  Analysis 

A  series  of  scenarios  were  developed  for  comparison  of  the  costs  of 
groundwater  treatment  using  the  GAC  fluid-bed  bioreactor  with 
several  conventional  technologies,  including  liquid  phase  carbon 
adsorption,  air  stripping  with  vapor  phase  carbon  adsorption,  and  air 
stripping  with  thermal  oxidation.  Of  the  technologies  examined,  the 
treatment  costs  for  the  bioreactor  were  generally  lower.  GAC  fluid- 
bed  bioreactor  costs  ranged  from  $2.00  to  $13.00  per  1000  gallons 
and  were  dependent  on  the  influent  concentration,  flow  rate,  and  the 
possibility  of  additional  charges  for  effluent  disposal.  Groundwater 
treatment  by  liquid-phase  carbon  adsorption  was  the  most  expensive 
($7.00  to  $27.00  per  1000  gallons)  because  of  the  costs  for 
replacement  and  disposal  of  the  spent  carbon. 

Conclusions 

GAC  fluid-bed  bioreactors  have  been  shown  to  achieve  high 
treatment  efficiencies  and  reliable  performance.  Although 
specialized  strains  of  bacteria  may  be  required  in  certain  cases 
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during  startup  of  a  bioreactor,  competent  bacteria  may  be  readily 
available  at  the  site.  The  adsorption  capacity  of  the  biomass 
support  serves  to  dampen  the  effects  of  load  changes  caused  by 
moderate  variability  in  groundwater  composition  or  step  changes  in 
flow  rate.  However,  performance  of  the  system  was  affected  by 
shock  loading,  resulting  in  transient  excursions  in  effluent  quality. 
The  maximum  organic  loading  capacity  of  the  reactor  is  a  function  of 
the  ability  to  provide  sufficient  oxygen  for  biodegradation.  With  the 
current  injector,  bubble  trap  and  eductor  system,  the  capacity  is  in 
the  range  of  6  to  10  lb  TOD/day.  A  new  bubble  contactor,  now  being 
developed  and  tested  by  the  manufacturer,  may  permit  a  50  to  100% 
increase  in  loading. 

Recommendations 

GAC  fluid-bed  reactors  have  broad  application  for  the  treatment  of 
groundwater  and  process  waters  containing  a  wide  variety  of 
organic  compounds  that  can  support  microbial  growth.  In  addition, 
specialized  systems  are  currently  being  developed  for  treatment  of 
nongrowth-supporting  compounds.  A  number  of  minor  improvements 
to  the  system  were  identified,  many  of  which  are  currently  available 
from  the  manufacturer. 
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1.0  INTRODUCTION 


1.1  Objectives 

The  present  study  involved  a  collaborative  effort  between  research 
personnel  at  the  Armstrong  Laboratory,  Environics  Directorate, 
Tyndall  Air  Force  Base  and  The  Dow  Chemical  Company  to  develop 
additional  data  on  the  performance  of  bioreactors  for  treatment  of 
groundwater  contaminated  with  chlorinated  aromatic  compounds. 
The  field  work  was  performed  at  a  Dow  manufacturing  site. 
Objectives  of  the  study  were  as  follows: 

1 .  Evaluate  potential  sources  of  chlorobenzene-degrading  bacteria 
from  samples  collected  at  the  site  to  determine  whether 
specialized  strains  or  indigenous  bacteria  would  be  required  as 
inoculum  during  startup  of  the  bioreactor. 

2.  Evaluate  the  utility  of  an  Envirex  GAC  fluid-bed  bioreactor 
system  to  treat  chlorobenzene-contaminated  groundwater. 


3.  Evaluate  performance  over  a  range  of  operating  conditions,  i.e., 

a.  Measure  the  effects  of  organic  loading  on  effluent  quality 

b.  Define  oxygen  uptake  and  utilization  rates 

c.  Determine  off-gas  rates  and  quality 

d.  Determine  effluent  biomass  concentrations. 

4.  Compare  costs  of  groundwater  treatment  using  the  GAC  fluid-bed 
bioreactor  with  other  conventional  groundwater  treatment 
technologies,  e.g.  air-stripping,  carbon  adsorption,  etc. 

1 .2  Background 

Current  practices  to  remediate  contaminated  groundwater  beneath 
industrial  sites  frequently  involve  groundwater  recovery  and 
treatment.  Installation  of  "pump-and-trear  systems  has  proven 
effective  for  achieving  hydraulic  containment  of  subsurface 
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contamination,  thereby  eliminating  off-site  migration.  Technologies 
frequently  used  for  groundwater  treatment  include  phase  separation, 
air-  or  steam-stripping  and  carbon  adsorption.  To  avoid  venting 
volatile  organic  compounds  directly  to  the  atmosphere, 
contaminants  removed  by  air-stripping  may  be  recovered  on 
activated  carbon  or  destroyed  by  thermal  oxidation.  Although 
biological  processes  have  been  used  for  many  years  for  wastewater 
treatment,  the  application  of  biotechnology  to  groundwater 
treatment  has  often  been  limited  by  low  concentrations  of  organic 
compounds,  low  microbial  growth  rates,  and  the  inability  to  retain 
sufficient  levels  of  active  biomass  in  the  reactors.  However,  recent 
advances  in  the  understanding  of  biofilm  processes  (1-3),  coupled 
with  the  development  of  fixed-film  bioreactors  have  facilitated  the 
application  of  biological  processes  to  groundwater  treatment  (4-8). 

Working  in  conjunction  with  Envirex  Inc.,  Hickey  and  coworkers  (7) 
have  recently  developed  a  granular  activated  carbon  (GAC)  fluidized- 
bed  bioreactor  for  treatment  of  contaminated  groundwater.  The 
technology  offers  several  advantages  over  other  commercially 
available  bioreactors: 

a)  because  pure  oxygen  is  predissolved  with  the  influent  water,  the 
bioreactor  can  be  used  to  treat  volatile  organic  compounds  since 
volatilization  from  the  reactor  is  essentially  eliminated, 

b)  low  strength  wastes  can  be  treated  effectively  because  of  the 
ability  to  maintain  high  biomass  concentrations, 

c)  high  removal  efficiencies  (low  ppb  effluents)  can  be  achieved  at 
short  hydraulic  residence  times,  and 

d)  fluidized-bed  reactors  are  less  prone  to  fouling  or  plugging  as 
compared  to  packed-bed  systems. 

Skid-mounted  Envirex  GAC  fluid-bed  bioreactors  are  commercially 
available  and  have  been  widely  used  for  treatment  of  groundwater 
and  process  water  containing  readily  biodegradable  aromatic 
hydrocarbons,  such  as  mixtures  of  benzene,  toluene,  ethylbenzene 
and  xylene  ([BTEX];9-12).  Economic  evaluation  suggests  that 
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biological  treatment  of  BTEX-contaminated  groundwater  is  cost- 
effective  when  compared  with  other  conventional  technologies  such 
as  air-stripping  or  carbon  adsorption  (12). 

In  contrast,  substantial  quantities  of  groundwater  are  contaminated 
with  chlorinated  organic  compounds  that  have  proven  resistant  to 
biodegradation.  Extension  of  biological  treatment  technologies  to 
such  compounds  will  require  that  specialized  microbial  processes  be 
discovered  and  refined.  For  example,  until  recently  chlorinated 
benzenes  were  considered  relatively  resistant  to  biodegradation. 
Initial  attempts  to  isolate  bacteria  capable  of  utilizing 
chlorobenzenes  as  sole  carbon  and  energy  sources  frequently 
required  extensive  acclimation  periods  ranging  from  6-12  months 
(13-15).  Over  the  past  few  years,  Spain  and  co-workers  have 
reported  isolation  and  characterization  of  several  Pseudomonas 
species  capable  of  growth  on  a  variety  of  mono-,  di-  and 
trichlorobenzenes  (16-19).  One  isolate,  designated  as  strain  JS150, 
was  shown  to  have  unique  ability  to  biodegrade  a  broad  spectrum  of 
chlorinated  aromatic  solvents  alone  or  in  combination  with  non- 
chlorinated  homologs  (19). 

Extensive  research  on  strain  JS150  to  determine  the  biochemical 
pathways  and  reaction  mechanisms  allowed  for  development  of  a 
pilot-scale  bioreactor  that  proved  highly  effective  in  field  trials 
(20).  During  a  3-week  demonstration  conducted  at  Kelly  Air  Force 
Base,  Texas,  upflow  fixed-film  bioreactors  were  tested  on 
groundwater  containing  a  mixture  of  aromatic  and  chloroaromatic 
hydrocarbons.  The  reactors  were  capable  of  reducing  the 
concentration  of  the  groundwater  contaminants  from  parts  per 
million  levels  down  to  low  parts  per  billion  levels  when  operated  at 
a  hydraulic  residence  time  of  40  minutes. 

Microbiological  analysis  of  the  reactor  during  the  field  trial 
indicated  that  strain  JS150  was  eventually  displaced  by  indigenous 
microorganisms  present  in  the  groundwater  (21).  This  observation 
questions  the  need  for  specialized  bacterial  strains  to  be  used  as 


3 


inoculum  during  startup  of  bioreactors  for  treatment  of  chlorinated 
organic  compounds.  To  address  this  issue,  Nishino  et  al  (21)  have 
recently  studied  the  distribution  of  chlorobenzene  bacteria  at 
contaminated  sites.  Chlorobenzene-degrading  bacteria  were  readily 
isolated  from  contaminated  wells,  whereas  attempts  to  isolate 
competent  bacteria  from  noncontaminated  wells  were  unsuccessful. 
These  results  suggest  that  indigenous  bacteria  from  contaminated 
sites  could  be  used  to  seed  bioreactors  during  startup,  if  sufficient 
cell  densities  are  available.  For  example,  activated  sludge  obtained 
from  the  site  has  been  frequently  used  as  the  inoculum  source  for 
startup  of  GAC  fluid-bed  bioreactors  (22).  However,  the  use  of 
specialized  bacterial  strains  may  be  necessary  in  situations 
involving  recent  releases  of  chlorinated  organics,  or  when  the  water 
to  be  treated  is  essentially  sterile  (e.g.  process  wastes). 

On  the  basis  of  the  field  trial,  Pettigrew  et  al  (20)  recommended 
that  biological  treatment  be  considered  for  remediation  of 
chlorobenzene-contaminated  groundwater  at  Kelly  Air  Force  Base. 
Additional  field  studies  were  recommended  to  compare  fixed-film 
bioreactors  with  other  conventional  groundwater  treatment 
technologies.  Such  efforts  should  examine  reactor  performance  over 
a  range  of  operating  conditions  (loading,  residence  time,  etc),  as 
well  as  determine  treatment  costs. 
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2.0  ENVIREX  BIOREACTOR  DESIGN  AND  OPERATION 


2.1  Process  Fundamentals 

The  fluidized-bed  bioreactor  is  an  attached-growth  biological 
system  in  which  the  microorganisms  used  to  treat  the  water  are 
grown  on  a  solid-support  media,  such  as  granular  activated  carbon 
(GAC).  Because  the  microbes  are  retained  in  the  system,  the 
capacity  of  the  reactor  is  a  function  of  the  amount  of  surface  area 
available  for  growth.  With  fixed-  or  packed-bed  systems,  as  growth 
occurs  the  system  may  eventually  plug  as  the  support  media 
becomes  packed  with  biomass.  The  fluidized-bed  process  overcomes 
this  problem  by  providing  a  large  surface  area  on  the  carbon  support 
media.  Bacterial  growth  develops  on  the  external  surface  of  the 
carbon  and  throughout  the  internal  macropores.  The  carbon  particles 
are  fluidized  in  the  reactor  column  by  an  upflow  of  water  from  the 
base,  which  is  evenly  distributed  throughout  the  bed.  Complete 
particle-to-particle  separation  maximizes  the  surface  area 
available  for  growth.  The  thickness  of  the  biofilm  is  mechanically 
controlled,  thereby  eliminating  the  potential  plugging  of  the  bed 
with  biomass.  The  biofilm  surface  area  provided  by  this  technique 
is  very  large,  and  can  easily  exceed  10-times  the  amount  on  typical 
fixed  packings  (12). 

As  microbial  growth  occurs  on  individual  carbon  particles,  the 
diameter  of  each  particle  increases,  adding  to  the  total  height  of  the 
bed.  In  addition,  as  the  film  grows  in  thickness  the  density  of  the 
carbon  particles  decreases.  This  also  results  in  expansion  of  the 
bed.  To  prevent  overexpansion  and  eventual  loss  from  the  system, 
microbial  growth  must  be  controlled  by  wasting.  With  the  Envirex 
system,  a  mechanical  device  intercepts  the  bed  at  the  desired  height 
to  shear  the  biomass  from  the  carbon.  Excess  cell  material  leaves 
the  system  with  the  effluent  water,  and  the  smaller  carbon 
particles  settle  back  to  the  base  of  the  reactor. 
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2.2  System  Components  and  Function 

Components  of  the  Envirex  model  30  skid-mounted  bioreactor 
include  two  fluidization  pumps  (one  operating,  one  standby),  an 
oxygen  generation  system,  bubble  contactor,  nutrient  feed  system, 
pH  control  system,  fluid-bed  reactor  and  a  biomass  control  system 
(23),  A  simplified  flow  diagram  of  the  system  is  shown  on  Figure  1. 

Influent  water  is  initially  passed  through  a  duplex  basket  strainer 
and  combined  with  the  recycle  flow  to  give  a  total  flow  to  the 
reactor  of  approximately  27  to  30  gpm.  The  influent  feed  flow  rate 
is  controlled  using  a  diaphragm  valve  and  is  measured  with  a 
magnetic  flow  meter.  The  combined  stream  enters  the  suction  side 
of  the  fluidization  pump,  and  the  flow  rate  is  controlled  on  the 
discharge  side  using  a  diaphragm  valve.  The  fluidization  flow  rate 
is  also  measured  with  a  magnetic  flow  meter,  and  both  flows  are 
displayed  on  the  main  electrical  panel.  Since  the  system  is  designed 
with  an  internal  recycle  system,  the  carbon  bed  is  continuously 

fluidized  at  the  design  fluidization  flow  rate  (30  gpm),  which  is 
independent  of  the  influent  feed  flow  rate.  Should  the  influent  feed 
completely  shut  down,  the  system  will  continue  to  operate  on  100% 

recycle.  Conversely,  if  the  influent  flow  equals  the  fluidization 

flow,  water  passes  through  the  system  once  with  a  hydraulic 
residence  time  of  about  7  minutes.  Influent  flow  is  determined  by 
the  maximum  loading  rate  to  the  reactor,  which  is  based  on  the 
organic  loading  and  the  effluent  requirements. 

Oxygen  is  then  injected  in-line  and  the  water  flows  through  an 

eductor  where  the  hydraulic  pressure  differential  enhances  oxygen 
dissolution.  The  oxygen  gas  stream  is  continuously  generated  and 
stored  in  a  tank  on  the  skid  using  a  batch-type,  pressure-swing- 
adsorption  (PSA)  system,  which  is  supplied  with  dry,  pressurized  air 
from  a  compressor.  The  purity  of  the  gas  is  typically  90-95% 
oxygen,  with  the  remainder  consisting  of  nitrogen  and  argon  (23). 
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Figure  1.  Process  flow  diagram  for  the  Envirex  fluidized-bed 
bioreactor. 
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As  the  water  enters  the  bubble  trap,  a  decrease  in  the  hydraulic 
velocity  separates  any  undissolved  gas  (oxygen,  nitrogen,  argon) 
which  are  reintroduced  at  the  eductor.  Continuous  monitoring 
allows  for  very  close  control  of  the  bubble  trap  to  maintain  a 
minimum  gas  volume.  When  a  bubble  is  created,  a  level  control 
device  in  the  tank  opens  a  valve  which  purges  the  small  quantity  of 
gas  to  the  atmosphere  via  the  recycle  line.  Because  this  stream  is 
untreated,  a  small  carbon  canister  may  be  placed  in  the  headspace 
above  the  recycle  line  to  capture  any  potential  volatile  emissions. 
However,  since  the  amount  of  untreated  gas  is  very  small,  an 
exemption  from  air  permit  regulations  may  be  negotiated.  As  the 
water  exits  the  bubble  trap,  the  dissolved  oxygen  (DO)  concentration 
of  the  reactor  influent  is  measured  with  an  in-line  DO  probe,  and  is 
continuously  displayed  on  the  main  electrical  panel. 

Inorganic  nutrients  (e.g.,  nitrogen,  phosphorus)  are  fed  into  the 
system  prior  to  the  reactor  by  an  electronic  metering  pump.  The 
nutrient  solution  contains  a  mixture  of  urea  and  dibasic  ammonium 
phosphate,  which  are  added  to  the  system  based  on  the  total  oxygen 
demand  (TOD)  to  satisfy  a  TOD;N:P  ratio  of  100:5:1  (24). 

A  pH  control  system  is  an  optional  feature  present  on  some  Envirex 
units.  Electrodes  mounted  in-line  and  in  the  top  of  the  reactor  allow 
for  continuous  monitoring  of  influent  and  effluent  pH  levels.  The  pH 
of  the  reactor  effluent  is  controlled  to  a  set  point  programmed  in 
the  pH  analyzer/controller  on  the  main  electric  panel.  Caustic  (or 
acid)  solution  required  to  control  the  reactor  pH  is  added  to  the 
system  prior  to  the  reactor  inlet  using  an  electronic  metering  pump. 

All  skid-mounted  Envirex  fluidized-bed  bioreactors  are  equipped 
with  a  reactor  column  with  a  total  height  of  15  feet.  To  increase 
the  bed  volume,  the  diameter  of  the  column  is  increased.  The 
influent  enters  the  base  of  the  reactor  through  a  series  of 
distribution  nozzles  to  achieve  uniform  fluidization  of  the  carbon 
bed.  As  the  organic  constituents  in  the  water  flow  through  the 
carbon  bed,  biological  respiration  utilizes  dissolved  oxygen  for 
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growth,  yielding  carbon  dioxide,  water  and  cell  mass.  The  amount  of 
oxygen  required  by  the  system  is  a  function  of  the  concentration  of 
organic  compounds  entering  the  reactor.  Dissolved  oxygen  measured 
in  the  effluent  serves  as  the  primary  control  parameter  and  is 
displayed  on  the  main  electrical  panel.  To  insure  adequate  levels  of 
dissolved  oxygen  are  supplied  to  the  reactor,  a  microprocessor 
controller  maintains  a  residual  dissolved  oxygen  level  of  2  mg/L  in 
the  effluent.  If  the  biological  oxygen  demand  increases  in  response 
to  a  change  in  organic  carbon  concentration,  the  effluent  dissolved 
oxygen  level  would  be  temporarily  reduced,  signaling  for  more 
oxygen  to  be  delivered  to  the  influent. 

As  microbial  growth  occurs  in  the  reactor,  the  density  of  the  carbon 
particles  decreases,  resulting  in  expansion  of  the  bed.  To  prevent 
overexpansion  and  potential  loss  of  carbon  from  the  system,  a 
growth-control  mixer  is  installed  in  the  top  of  the  reactor  to 
intercept  the  bed  at  the  11 -foot  level.  Excess  biomass  sheared  from 
the  carbon  leaves  the  system  with  the  effluent  water,  and  the 
carbon  particles  settle  back  to  the  base  of  the  reactor. 
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3.0  MATERIALS  AND  METHODS 


3.1  Chemicals 

Chlorobenzene  (HPLC  grade;  99.9%)  was  obtained  from  the  Aldrich 
Chemical  Company,  Milwaukee,  Wl.  All  other  chemicals  were  of 
reagent  grade  or  better  and  were  from  commercial  sources. 

3.2  Microbial  Enrichment 

Microorganisms  were  enriched  from  samples  of  activated  sludge  and 
contaminated  groundwater  collected  at  the  study  site.  The  samples 
were  chilled  on  ice  and  shipped  to  the  laboratory  by  overnight 
express  carrier. 

Portions  (10-50  mL)  of  the  sludge  or  groundwater  were  transferred 
to  2-liter  flasks  containing  500  mL  of  mineral  salts  medium  (pH  7.1; 
[25]).  Chlorobenzene  was  supplied  to  the  cultures  as  the  sole  carbon 
source  using  vapor  bulbs  as  previously  described  (26).  The  flasks 
were  incubated  on  a  rotary  shaker  at  200  rpm  at  ambient 
temperature  (ca.  27°C).  Samples  were  periodically  removed  from 
the  cultures  and  analyzed  for  an  increase  in  chloride  concentration 
as  described  below.  Microbial  growth  was  also  monitored  by 
changes  in  optical  density  at  600  nm  using  a  Bausch  and  Lomb 
Spectronic  20  spectrophotometer.  The  enrichment  cultures  were 
periodically  transferred  to  fresh  medium  to  eliminate  non¬ 
chlorobenzene-degrading  organisms.  Individual  isolates  were 
obtained  by  plating  on  mineral  salts  agar  and  incubation  in  a 
desiccator  with  chlorobenzene  vapors  at  25°C. 

The  utilization  of  chlorobenzene  by  the  enrichment  cultures  was 
quantitatively  measured  by  gas  chromatographic  analysis.  Cells 
grown  in  mineral  salts  medium  with  chlorobenzene  as  the  sole 
carbon  source  were  harvested  by  centrifugation  (6000  rpm,  30  min), 
and  the  cell  pellet  was  resuspended  in  fresh  medium.  Portions  (1 
mL)  of  this  suspension  were  placed  into  serum  bottles  (160  mL) 


containing  50  mL  of  mineral  salts  broth.  To  ensure  maintenance  of 
aerobic  conditions,  the  bottles  were  purged  with  oxygen  gas  for  5 
min.  The  cultures  were  then  amended  with  varying  concentrations  of 
chlorobenzene  (20  to  100  ppm;  neat)  and  immediately  sealed  with 
Teflon®-faced  silicon  rubber  septa  and  aluminum  crimp  caps. 
Uninoculated  control  bottles  were  also  prepared  to  characterize  any 
abiotic  losses.  The  serum  bottles  were  incubated  on  a  rotary  shaker 
at  200  rpm  at  25°C.  Portions  of  the  cultures  were  periodically 
removed  and  analyzed  for  chlorobenzene  and  chloride  concentrations 
as  described  below. 

3.3  Bioreactor  Design  and  Operation 

The  Envirex  model  30  fluidized-bed  bioreactor  used  for  the  field 
study  included  a  skid-mounted  column  reactor  and  the  supporting 
equipment.  The  reactor  column  was  15  feet  tall  and  20  inches  in 
diameter,  and  had  a  working  volume  of  210  gallons.  The  reactor  was 
designed  for  a  total  fluidization  flow  (forward  feed  plus  recycle)  of 
25  to  30  gpm  to  allow  for  50%  expansion  of  the  bed.  Hydraulic 
residence  time  within  the  reactor  was  in  the  range  of  7  to  8 
minutes. 

The  bioreactor  was  installed  parallel  to  an  existing  groundwater 
treatment  system.  During  startup,  the  reactor  was  loaded  with  350 
pounds  of  Calgon  type  MRX-P  10  x  30  granular  activated  carbon 
(Calgon  Carbon  Corp.,  Pittsburg,  PA).  The  unexpanded  height  of  the 
carbon  bed  was  7  feet.  The  system  was  inoculated  with  30  gallons 
of  activated  sludge  obtained  from  the  site  wastewater  treatment 
plant.  The  system  was  operated  and  maintained  according  to  the 
operating  discipline  provided  by  the  manufacturer  (23). 

Organic  loading  capacity  of  the  unit  was  a  function  of  the  oxygen 
transfer  capacity  of  the  system.  For  the  current  design,  the  stated 
capacity  is  in  the  range  of  250  to  a  maximum  of  400  pounds  of  total 
oxygen  demand  (lb  TOD)  per  1000  cubic  feet  per  day  (23).  Based  on  a 
working  reactor  volume  of  approximately  25  ft^,  the  equivalent 


loading  capacity  for  the  model  30  ranges  from  6  to  10  lb  TOD  per 
day.  During  the  study,  organic  loading  to  the  reactor  was  varied  by 
adjusting  the  groundwater  flow  rate.  Chlorobenzene  loading  was 
calculated  using  the  equation: 

LOAD  (Ib/day)  =  FLOW  (gpm)  *  CONC  (ppm)  *  0.012 

Note  that  the  product  of  the  groundwater  flow  rate  and 
concentration  are  multiplied  by  a  conversion  factor  of  0.012  to 
calculate  the  chlorobenzene  loading  in  terms  of  pounds  per  day. 
Based  on  the  stoichiometry,  the  TOD  loading  can  then  be  calculated 
by  multiplying  the  chlorobenzene  loading  by  a  factor  of  2. 

Influent  and  effluent  dissolved  oxygen  concentrations  were 
continuously  monitored  using  a  Great  Lakes  Instruments  model 
697D/5340D  dissolved  oxygen  analyzer  system.  The  influent 
dissolved  oxygen  sensor  was  located  in-line  prior  to  the  reactor, 
while  the  effluent  probe  was  located  in  the  top  of  the  reactor.  The 
sensor  probes  were  cleaned  at  least  biweekly,  depending  on  level  of 
biomass  fouling.  The  analyzers  were  calibrated  monthly  by 
comparison  of  the  measured  dissolved  oxygen  content  of  a  water 
sample  with  another  independently  calibrated  instrument  (e.g.,  YSI 
model  58  dissolved  oxygen  meter).  Dissolved  oxygen  concentrations 
in  the  reactor  were  controlled  by  the  effluent  probe  and  a  Powers 
model  535  process  controller  to  maintain  2.5  ppm  of  oxygen  in  the 
reactor  outlet. 

Comparison  of  the  stoichiometry  between  oxygen  consumption  in  the 
reactor  and  the  total  oxygen  demand  of  the  influent  stream  provided 
an  indication  of  bioreactor  performance.  Oxygen  consumption  was 
routinely  calculated  from  the  difference  between  the  influent  and 
effluent  dissolved  oxygen  concentrations.  However,  oxygen 
utilization  was  also  estimated  from  the  oxygen  gas  flow  rate. 
Empirical  observations  by  the  manufacturer  suggest  that  the  oxygen 
consumption  (in  ppm)  can  be  approximated  by  multiplying  the  gas 
flow  rate  by  a  factor  of  10  (27).  During  the  field  study,  values 


calculated  by  the  2  methods  were  in  general  agreement  (data  not 
shown).  The  mass  of  oxygen  supplied  to  the  reactor  was  calculated 
using  the  equation; 

O2  (Ib/day)  =  TOTAL  REACTOR  FLOW  (gpm)  *  O2  CONSUMED  (ppm)  *  0.012 

An  inorganic  nutrient  solution  was  continuously  supplied  to  the 
reactor  based  on  the  organic  loading  to  satisfy  a  TOD:N:P  ratio  of 
100:5:1  (24).  The  solution  was  prepared  by  dissolving  9  pounds  of 
Biotreatment  Nutrient  Mixture  #36  (Milport  Chemical  Company, 
Milwaukee,  Wl)  in  25  gallons  of  water.  The  mixture  consisted  of 
urea  and  diammonium  phosphate  (2:1).  The  flow  rate  of  the  nutrient 
pump  was  adjusted  based  on  the  organic  loading  according  to  vendor 
specifications.  Samples  of  the  effluent  were  collected  weekly  and 
analyzed  for  ammonium  and  phosphate  levels  as  described  below. 

The  influent  and  effluent  pH  levels  were  continuously  monitored 
using  Great  Lakes  Instruments  model  672P  pH  analyzers  and  liquid 
crystal  polymer-encapsulated  sensors.  The  probes  were  calibrated 
weekly  using  a  2-point  method  (pH  7  and  pH  4)  as  described  by  the 
manufacturer.  The  effluent  controller  was  initially  set  to  maintain 
the  reactor  pH  in  the  range  of  pH  7.2  to  7.7.  However,  to  avoid 
scaling  due  to  calcium  carbonate  precipitation,  the  control  set 
points  were  changed  early  in  the  study  to  maintain  the  reactor  in  the 
range  of  pH  6.6  and  6.8. 

A  variety  of  operating  parameters  were  monitored  throughout  214 
days  of  the  field  study.  Instruments  on  the  control  panel  monitored 
the  groundwater,  recycle  and  oxygen  flow  rates,  reactor  influent  and 
effluent  pH,  dissolved  oxygen  levels,  and  temperatures.  Water  level 
in  the  bubble  trap  was  monitored  using  a  sight  glass  mounted  on  the 
outside  of  the  tank.  The  carbon  bed  height  was  measured  by 
lowering  a  small  bucket  sampler  into  the  reactor  and  collecting 
samples  at  various  known  depths.  A  1 -pound  weight  was  used  to 
periodically  conduct  bed  soundings  to  detect  clumping  of  the  carbon 
particles.  Chlorobenzene  concentrations  were  monitored  by  taking 


grab  samples  from  sample  ports  located  on  the  groundwater 
(forward  feed)  and  reactor  influent  (feed  +  recycle)  lines.  Effluent 
chlorobenzene  concentrations  were  measured  in  grab  samples 
collected  directly  from  the  top  of  the  reactor.  The  samples  were 
collected  in  40  mL  vials  containing  0.2  mL  of  dilute  H2SO4  (1:1)  as  a 
stabilizer,  and  sealed  with  Teflon® -faced  silicon  rubber  septa  and 
screw  caps.  Effluent  samples  were  also  collected  on  a  weekly  basis 
for  analysis  of  ammonia  nitrogen,  orthophosphate,  total  suspended 
solids  and  volatile  suspended  solids. 

3.4  Analytical  Methods 

Bioreactor  samples  were  analyzed  by  gas  chromatography  either  at 
the  study  site  or  the  laboratory  in  Midland,  Ml.  Preliminary  studies 
indicated  that  acidified  samples  were  stable  for  2  weeks  when 
maintained  at  4°C. 

Aqueous  samples  (unfiltered)  were  routinely  analyzed  by  direct 
injection  using  a  either  a  Varian  model  3700  or  a  Hewlett-Packard 
model  5730A  gas  chromatograph  equipped  with  a  flame  ionization 
detector.  Separations  were  achieved  with  a  column  (120  cm  x  3  mm 
i.d.)  packed  with  Tenax®  GC  (60/80  or  80/100  mesh;  Alltech 
Associates,  Inc.,  Deerfield,  IL)  with  a  nitrogen  carrier  at  a  flow  rate 
of  30  mL/min.  The  oven  temperature  was  190°C.  Detector  outputs 
were  connected  either  to  a  PE  Nelson  Access  Chrom  GC/LC  computer 
data  system  or  a  Hewlett-Packard  model  3380  recording  integrator. 
Chlorobenzene  concentrations  were  calculated  from  peak  area 
measurements  by  comparison  with  an  external  standard  prepared  in 
water.  The  detector  response  was  linear  over  the  concentration 
range  of  interest  (0-200  ppm),  with  a  detection  limit  of 
approximately  0.5  ppm. 

To  quantitate  low  levels  of  chlorobenzene,  aqueous  samples  were 
also  analyzed  using  a  Hewlett-Packard  model  19395A  automated 
head-space  sampler  coupled  to  a  model  5890A  gas  chromatograph 
equipped  with  a  flame  ionization  detector.  The  head-space  sampler 


was  operated  at  the  following  conditions:  sample  temperature, 
60°C:  equilibration  time,  240  min;  valve/loop  temperature,  65°C: 
pressurization  time,  5  sec;  injection  loop  fill  time,  10  sec;  and 
injection  time,  36  sec.  Head  space  samples  were  injected  using  a 
split  ratio  of  2:1  at  an  injector  temperature  of  200°C  with  a 
continuous  septum  purge  of  5  mL/min.  Chromatography  was 
performed  using  a  GSQ  megabore  capillary  column  (30  m  x  0.53  mm 
i.d.;  J&W  Scientific,  Folsom,  CA).  Compounds  were  eluted  using  a 
nitrogen  carrier  at  a  flow  rate  of  25  ml_/min  at  a  head  pressure  of 
10  psi.  The  oven  temperature  was  programmed  to  increase  from 
170°C  to  215°C  at  a  rate  of  4  C/min.  Output  of  the  flame  ionization 
detector  was  connected  to  a  PE  Nelson  computer  data  system  as 
above.  The  detector  response  was  linear  over  the  concentration 
range  of  interest  (10  to  500  ppb)  with  a  quantitation  limit  of  10  ppb. 

Volatile  emissions  from  the  bioreactor  column  were  periodically 
monitored  using  a  TLV  Bacharach  organic  vapor  analyzer  (28).  The 
instrument  was  calibrated  before  use  with  a  methane/air  mixture. 

Aqueous  samples  were  analyzed  for  a  variety  of  conventional 
parameters,  including  chloride,  ammonia,  phosphate  and  total  and 
volatile  suspended  solids.  Chloride  and  ammonium  ion 
concentrations  were  analyzed  using  Orion  model  94-17  or  model 
95-12  ion  selective  electrodes,  respectively,  as  described  by  the 
manufacturer  (29).  Ortho-phosphate  was  determined  by  the  ascorbic 
acid  method  according  to  U.S.  Environmental  Protection  Agency  (EPA) 
method  365.2  (30).  Total  and  volatile  suspended  solids  were 
determined  by  gravimetric  analysis  (31).  Additional  groundwater 
samples  were  submitted  to  A&L  Midwest  Laboratories,  Omaha,  NE  for 
inorganic  analysis. 


4.0  SITE  DESCRIPTION 


4.1  Current  Site  Remediation 

The  field  test  was  conducted  at  an  existing  Dow  manufacturing 
facility,  where  the  groundwater  has  been  previously  shown  to 
contain  chlorobenzene,  along  with  small  amounts  of  aniline. 
Chlorobenzene  concentrations  are  typically  in  the  range  of  100  to 
170  ppm,  while  aniline  levels  are  generally  less  than  5  ppm.  To 
hydraulically  control  off-site  migration,  current  remedial  activities 
consist  of  groundwater  recovery  and  treatment.  Contaminated 
groundwater  is  recovered  with  a  series  of  25  wells  and  collected  in 
a  storage  tank  before  treatment. 

Volatile  organic  contaminants  are  removed  from  the  groundwater 
using  a  packed-tower  air  stripper  that  is  associated  with 
manufacturing  operations  at  the  site.  Average  groundwater  and  air 
flow  rates  to  the  stripper  are  30  gpm  and  300  scfm,  respectively. 
Since  the  water  receives  additional  biological  treatment, 
chlorobenzene  concentrations  in  the  effluent  are  controlled  to  below 
a  detection  limit  of  1  ppm.  The  overheads  from  the  stripper  are 
treated  by  thermal  oxidation. 

During  the  field  study,  the  Envirex  fluidized-bed  reactor  was 
installed  parallel  to  the  existing  system,  which  afforded  the 
opportunity  for  comparison  with  conventional  air-stripping 
technology.  Based  on  the  chlorobenzene  concentration  of  the 
groundwater,  the  organic  loading  capacity  for  the  bioreactor  would 
be  achieved  at  a  flow  rate  of  approximately  3.5  gpm.  As  a  result, 
the  higher  levels  afforded  the  ability  to  examine  performance  of  the 
bioreactor  over  a  wide  range  of  influent  loadings.  Changes  in 
organic  loading  to  the  system  were  accomplished  by  increasing  the 
groundwater  flow  rate. 


4.2  Groundwater  Characterization 


Before  the  study,  a  composite  sample  from  the  storage  tank  was 
submitted  for  analysis.  Typical  values  for  a  number  of  conventional 
parameters  are  summarized  in  Table  1. 

The  groundwater  was  slightly  alkaline  (pH  7.7)  with  total  dissolved 
solids  concentration  of  2022  ppm.  The  predominant  cations  were 
sodium,  calcium  and  magnesium,  while  chloride  and  bicarbonate 
were  the  principle  anions  detected.  Only  trace  amounts  of  inorganic 
nutrients  such  as  nitrate  and  orthophosphate  were  present  in  the 
sample.  The  dissolved  iron  concentration  of  the  groundwater  was 
below  the  detection  limit  (<0.05  ppm). 


Table  1.  Groundwater  characteristics. 


Parameter 

pH  7.7 

Conductivity  (mmhos/cm)  3.1 

Total  dissolved  solids  (ppm)  2022 

Sodium  (ppm)  313 

Potassium  (ppm)  2 

Calcium  (ppm)  220 

Magnesium  (ppm)  52 

Phosphate  (ppm)  0.5 

Nitrate  (ppm)  0.4 

Bicarbonate  (ppm)  369 

Sulfate  (ppm)  2  9 

Chloride  (ppm)  846 

Iron  (ppm)  <  0.05 

Manganese  (ppm)  1.6 

Copper  (ppm)  <  0.01 

Zinc  (ppm)  0.03 


5.0  RESULTS 


5.1  Evaluation  of  Inoculum  Sources 

To  determine  if  sources  of  chlorobenzene-degrading  bacteria  were 
readily  available  at  the  site,  flasks  containing  mineral  salts  medium 
were  inoculated  with  activated  sludge  or  groundwater,  and  incubated 
with  chlorobenzene  as  the  sole  carbon  source.  After  4  days, 
chlorobenzene  degradation  was  indicated  in  the  cultures  by  an 
increase  in  chloride  concentration  of  the  medium.  Portions  of  the 
cultures  were  periodically  subcultured  to  fresh  media,  and  changes 
in  chloride  level  and  optical  density  were  recorded  as  shown  in 
Figure  2.  Rates  of  chlorobenzene  degradation  (expressed  as  chloride 
released)  were  relatively  constant  in  the  cultures  for  each  of  three 
successive  transfers.  Degradation  rates  in  activated  sludge 
subcultures  ranged  from  11  to  14.1  mg  chloride  released  per  liter 
per  day,  and  were  similar  to  rates  between  10.8  and  12.9  mg  Cl‘/L- 
day  observed  in  flasks  containing  the  groundwater  inoculum.  The 
rates  of  microbial  growth,  as  indicated  by  changes  in  optical 
density,  were  also  similar  in  both  activated  sludge  and  groundwater 
cultures.  Considerable  wall  growth  was  also  evident  in  all  cultures, 
suggesting  a  preference  for  microbial  attachment  to  surfaces. 

Cells  from  each  of  the  third  subcultures  were  harvested  and  used  as 
inoculum  for  batch  kinetic  tests.  Serum  bottles  containing  mineral 
salts  medium  were  amended  with  varying  chlorobenzene 
concentrations  (20  to  100  ppm),  and  inoculated  with  either 
activated  sludge  or  groundwater  isolates.  Initial  cell  densities  in 
the  batch  tests,  as  measured  by  plate  counts  on  mineral  salts- 
chlorobenzene  agar,  were  in  the  range  of  6-9  x  10®  cells/mL. 
Chlorobenzene  was  readily  degraded  in  all  cultures  with  the 
stoichiometric  release  of  chloride  (data  not  shown).  The  initial 
rates  of  chlorobenzene  removal  were  similar  in  all  cultures,  as 
shown  in  Figure  3.  Degradation  rates  ranged  from  3.5  to  6.7  mg/L- 
hour,  suggesting  that  the  kinetics  of  biodegradation  are  zero-order 
at  concentrations  above  20  mg/L.  Chlorobenzene  removal  from  the 


[Chloride]  ppm  [Chloride]  ppm 


Figure  2.  Enrichment  of  chlorobenzene  degrading  bacteria  from  (A) 
activated  sludge  and  (B)  groundwater  samples.  Changes  in  optical 
density  ( — )  and  chloride  concentration  ( — )  in  the  first,  second 
and  third  subcultures. 
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Figure  3.  Kinetics  of  chlorobenzene  degradation  by  (A)  activated 
sludge  and  (B)  groundwater  enrichment  cultures.  Chlorobenzene 
losses  from  non-inoculated  controls  were  negligible  (data  not 
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bottles  was  due  to  biodegradation,  since  negligible  losses  were 
observed  in  non-inoculated  controls  (data  not  shown). 

Mineral  salts  agar  plates  inoculated  from  the  enrichment  cultures 
were  incubated  with  chlorobenzene  as  the  sole  carbon  source.  After 
1  week,  white,  cream  or  yellow  colonies  were  observed.  Based  on 
colony  morphology  alone,  at  least  6  distinct  types  of  chlorobenzene¬ 
degrading  bacteria  were  present  in  cultures  enriched  from  activated 
sludge,  while  2  distinct  types  were  isolated  from  the  groundwater. 
These  results  suggested  that  a  specialized  inoculum  would  not  be 
required  during  startup  of  the  bioreactor,  but  that  activated  sludge 
from  the  site  could  be  employed.  Because  of  the  presence  of 
chlorobenzene-degrading  bacteria  in  the  groundwater,  it  was 
anticipated  that  the  activated  sludge  inoculum  would  eventually  be 
displaced  by  the  indigenous  groundwater  bacteria. 

5.2  Bioreactor  Performance  Evaluation 

5.2.1  Startup 

Once  the  reactor  was  installed  and  hydraulically  tested,  350  pounds 
of  granular  activated  carbon  were  loaded  into  the  reactor. 
Groundwater  and  fluidization  flow  rates  were  adjusted  to  2  and  27 
gpm,  respectively,  to  preload  the  carbon  with  chlorobenzene. 
Automatic  control  of  the  oxygen  delivery  system  maintained  2.5  ppm 
of  dissolved  oxygen  in  the  effluent.  After  2  days,  the  reactor  was 
inoculated  by  the  addition  of  30  gallons  of  activated  sludge  obtained 
from  the  site  wastewater  treatment  plant.  The  flow  of  groundwater 
to  the  reactor  was  temporarily  stopped,  nutrient  addition  was 
initiated,  and  the  reactor  was  operated  on  internal  recycle  for  2 
days.  By  Day  4,  evidence  of  biological  activity  in  the  reactor  was 
indicated  by  a  difference  between  the  influent  and  effluent 
dissolved  oxygen  concentrations. 
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5.2.2  Operation 


Following  startup,  the  bioreactor  was  operated  for  a  total  of  214 
days.  Parameters  including  groundwater,  recycle  and  oxygen  flows, 
influent  and  effluent  dissolved  oxygen  concentrations,  pH  and 
temperatures,  were  measured  daily  according  to  the  prescribed 
operating  discipline.  Key  operating  parameters  recorded  during  the 
study  are  summarized  in  Appendix  A. 

5.3  Organic  Loading  and  Treatment  Efficiency 

To  examine  the  performance  of  the  bioreactor  over  a  range  of 
operating  conditions,  the  organic  loading  to  the  system  was 
periodically  increased  by  adjusting  the  groundwater  flow  rate. 
Performance  data,  divided  on  the  basis  of  flow  and  organic  loading 
are  summarized  in  Table  2. 

During  the  first  92  days,  the  reactor  was  operated  for  3-  to  7-week 
intervals  at  average  groundwater  flow  rates  of  1.6,  2.8  and  4.0  gpm, 
corresponding  to  organic  loadings  of  approximately  5.0,  8.5  and  12.1 
lb  TOD  per  day,  respectively  (Figure  4),  Although  the  groundwater 
flow  rates  (feed)  were  relatively  constant  during  each  period, 
organic  loading  varied,  due  to  changes  in  the  groundwater 
composition.  Since  chlorobenzene  concentrations  in  the  groundwater 
ranged  from  100  to  170  ppm  (Figure  5A),  levels  in  the  reactor 
influent  (feed  diluted  with  recycle;  Figure  5B)  varied  daily.  Influent 
chlorobenzene  concentrations  for  each  of  the  three  loadings  were  as 
follows: 

a)  Days  0  to  21  =  7.0  ±  3.5  ppm  (mean  ±  standard  deviation) 

b)  Days  21  to  43  =  1 1 .9  +  1 .7  ppm 

c)  Days  43  to  92  =  17.8  ±  3.6  ppm 

In  spite  of  the  variation  in  loading,  performance  of  the  bioreactor 
was  essentially  constant,  and  effluent  chlorobenzene  concentrations 
(Figure  6)  were  generally  below  the  detection  limits  of  the 
analytical  methods  employed  (<0.5  and  <0.01  ppm).  The  transient 
increase  in  the  effluent  chlorobenzene  concentrations,  beginning  at 
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Summary  of  bioreactor  performance  data;  effects  of  variation  in  organic  loading  (Day  0  to  113). 
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Figure  5.  Chlorobenzene  ( 
feed  and  (B)  reactor  influent 


centrations  in  the  (A)  groundwater 
ed  plus  recycle). 


Effluent  [Chlorobenzene]  (ppb) 


Figure  6.  Effluent  chlorobenzene  c 
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Day  79,  was  apparently  due  to  problems  with  the  oxygen  monitoring 
and  delivery  system.  On  the  basis  of  the  more  sensitive  analytical 
results,  chlorobenzene  treatment  efficiencies  during  the  initial  13- 
week  period  generally  exceeded  99.99%. 

On  Day  92,  the  groundwater  flow  rate  to  the  reactor  was  increased 
to  an  average  of  5  gpm,  thereby  increasing  the  organic  loading  to 
about  17  lb  TOD  per  day  (Table  2).  Performance  during  this  period 
gradually  declined,  and  effluent  chlorobenzene  concentrations  ranged 
from  nondetectable  to  as  high  as  7.2  ppm  (Figure  6).  Although  the 
system  was  operated  at  an  organic  loading  in  excess  of  the  design 
capacity  (10  lb  TOD/day),  the  average  chlorobenzene  removal 
efficiency  exceeded  99%  during  this  period.  Extended  operation  at 
organic  loadings  in  excess  of  the  design  capacity  may  have 
contributed  to  the  eventual  failure  of  the  system.  Performance  data 
during  this  period  (Days  113-155)  are  not  included  in  the  table,  but 
are  discussed  in  a  subsequent  section.  While  these  data  were  useful 
for  identifying  critical  operating  parameters  as  well  as  potential 
improvements  to  the  system,  they  were  not  representative  of 
performance  at  loadings  within  the  design  capacity. 

5.3.1  Oxygen  consumption  and  stoichiometry 

Comparison  of  the  difference  between  influent  and  effluent 
dissolved  oxygen  (DO)  concentrations  and  the  total  oxygen  demand 
(TOD)  of  the  influent  stream  was  routinely  used  as  an  indication  of 
bioreactor  performance.  As  shown  in  Figure  7,  when  the  reactor  was 
operated  near  the  design  capacity  (8.5  lb  TOD/day;  Days  21-43), 
oxygen  consumption  across  the  reactor  generally  agreed  with  the 
influent  TOD.  During  this  period,  the  average  oxygen  consumption 
and  TOD  values  were  22.2  and  23.8  ppm,  respectively  (Table  2).  The 
ratio  of  oxygen  consumption  to  influent  TOD  ranged  between  0.93  and 
0.99  during  the  first  43  days  of  operation,  suggesting  that 
biodegradation  was  the  principal  removal  mechanism. 
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Influent  [TOD]  (ppm)  Oxygen  Consumption  (ppm) 


Figure  7.  Comparison  of  (A)  oxygen  consumption  and  (B)  influent 
total  oxygen  demand. 
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At  loading  rates  in  excess  of  10  lb  TOD/day,  the  ratio  of  oxygen 
consumption  to  the  influent  TOD  concentration  decreased,  indicating 
the  inability  of  the  oxygen  delivery  system  to  satisfy  the  oxygen 
demand  of  the  influent  stream.  From  Days  43  to  92,  the  difference 
between  dissolved  oxygen  levels  across  the  reactor  ranged  from  19 
to  42  ppm,  while  the  influent  TOD  concentrations  were  between  28 
and  44  ppm.  The  average  DO/TOD  ratio  of  0.78  for  this  period  was 
consistent  with  a  reactor  loading  of  12  lb  TOD/day.  Although 
insufficient  oxygen  was  available  for  biodegradation,  chlorobenzene 
removal  efficiencies  exceeded  99.99%,  suggesting  that  some 
treatment  may  have  been  due  to  adsorption  of  chlorobenzene  onto  the 
activated  carbon  media.  From  Days  92  to  113  the  loading  to  the 
reactor  was  17  lb  TOD/day,  and  the  DO/TOD  ratio  decreased  to  0.42. 
While  chlorobenzene  biodegradation  was  substantially  limited  by  the 
availability  of  dissolved  oxygen  during  this  period,  the  treatment 
efficiency  remained  as  high  as  99%. 

The  maximum  organic  loading  capacity  for  the  bioreactor  is  a 
function  of  the  ability  to  deliver  sufficient  oxygen  for 
biodegradation.  Since  the  capacity  to  provide  dissolved  oxygen  is 
controlled  by  the  transfer  efficiency  of  the  eductor/bubble  trap 
system  and  the  recycle  flow  rate,  oxygen  concentrations  in  the 
reactor  at  excess  loading  can  be  used  to  define  the  actual  operating 
capacity  of  the  bioreactor.  For  Days  43  to  92,  the  organic  loading  of 
the  reactor  was  12  lb  TOD  per  day,  whereas  the  dissolved  oxygen 
concentrations  in  the  reactor  ranged  from  20  to  42  ppm  (Figure  7). 
Based  on  an  average  dissolved  oxygen  concentration  of  28  ppm  and  an 
average  recycle  flow  rate  of  28  gpm,  the  mass  of  oxygen  delivered 
to  the  reactor  was  about  9.5  Ib/day.  Figure  8  compares  the  mass  of 
oxygen  applied  (Ib/day)  versus  the  TOD  loading  of  the  reactor.  For 
loadings  greater  than  8  lb  TOD/day,  the  quantity  of  oxygen  supplied 
to  the  reactor  ranged  from  4  to  15  lb  O2  per  day.  Although  the  data 
suggest  that  10  to  15  lb  02/day  could  be  delivered,  most  of  the 
values  fell  within  6  to  10  ib/day.  Hence,  the  useful  operating 
capacity  of  the  system  would  appear  to  fall  within  this  range,  which 
is  in  agreement  with  the  manufacturers  specifications  (23). 
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Figure  8.  Relationship  of  oxygen  applied  vs  organic  loading  to  the 
reactor. 
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5.3.2  Nutrient  requirements 


Inorganic  nutrients  (urea  and  diammonium  phosphate)  were 
continuously  added  to  the  influent  of  the  bioreactor  based  on  the 
organic  loading  to  satisfy  a  TOD:N:P  ratio  of  100:5:1.  As  the  loading 
increased,  the  flow  rate  of  nutrient  solution  was  adjusted 
accordingly.  Inorganic  nutrient  concentrations  in  the  effluent  were 
monitored  weekly  throughout  the  investigation;  ammonium  ion  and 
orthophosphate  concentrations  ranged  from  0.9  to  8.3  ppm,  and  1 .0  to 
2.9  ppm,  respectively  (Appendix  A). 

Provision  of  sufficient  levels  of  inorganic  nutrients  was  shown  to 
be  important  for  maintaining  high  treatment  efficiencies.  On  2 
occasions,  transient  excursions  in  effluent  chlorobenzene 
concentrations  may  have  been  due  to  problems  with  the  nutrient 
delivery  system.  For  example,  when  the  inlet  filter  plugged  with  an 
inorganic  precipitate  on  Day  36,  the  effluent  concentrations  of 
ammonia  and  phosphate  dropped  below  0.2  ppm.  Limiting  nutrient 
conditions  were  likely  responsible  for  a  slight  increase  in  effluent 
chlorobenzene  concentration  during  this  period. 

5.3.3  Growth  and  biomass  yield 

Biological  growth  was  monitored  throughout  the  study  by  measuring 
changes  in  the  bed  height  (Figure  9)  as  well  as  the  effluent 
concentrations  of  total  and  volatile  suspended  solids.  Expansion  of 
the  bed  occurs  when  the  density  of  the  carbon  particles  decreases  as 
a  result  of  increases  in  the  biofilm  thickness.  Based  on  previous 
experience  (27),  the  rate  of  bed  expansion  varies  with  the  organic 
carbon  source  and  the  growth  rate  of  the  microorganisms. 
Consequently,  the  gradual  increase  in  bed  height  observed  during  the 
first  9  weeks  of  operation  (Figure  9)  may  suggest  a  relatively  slow 
growth  rate  for  the  chlorobenzene-degrading  bacteria. 

On  Day  60,  the  bed  height  reached  the  11 -foot  level  and  the  biomass 
control  system  began  operation,  marking  the  beginning  of  "steady- 
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Figure  9.  Changes  in  carbon  bed  height  during  operation  of  the 
reactor. 
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state"  conditions  in  the  reactor.  Effluent  samples  were  collected 
weekly  and  analyzed  for  suspended  solids  concentrations  (Appendix 
A).  The  high  proportion  of  volatile  suspended  solids  as  compared  to 
the  total  solids  indicates  that  the  majority  of  the  material  was 
biological  in  nature.  Total  suspended  solids  levels  ranged  from  17 
to  49  mg/L  (mean  =  34  mg/L)  during  the  period  from  Day  60  to  92. 
Based  on  the  average  loss  of  1.6  pounds  of  solids  per  day  in  the 
effluent,  and  a  chlorobenzene  loading  of  6  Ib/day,  the  cell  yield  was 
approximately  0.27. 

5.3.4  pH  control 

The  pH  of  the  bioreactor  increased  slightly  during  startup 
(pH  =  8.03),  presumably  due  to  adsorption  of  dissolved  carbon 
dioxide  on  the  activated  carbon  (22).  Once  biodegradation  was  noted 
in  the  system  (Day  4),  the  pH  gradually  declined  and  0.1  to  0.5N  NaOH 
solution  was  automatically  added  to  maintain  the  pH  within  control 
limits  of  pH  7.2  to  7.7.  However,  to  minimize  the  potential  for 
scaling  due  to  the  precipitation  of  calcium  carbonate,  the  control 
set  points  were  changed  on  Day  9  to  the  range  of  pH  6.6  to  6.8. 
Although  some  caustic  solution  was  added  to  control  pH  from  Day  9 
to  15,  further  addition  was  not  required  beyond  this  point,  and  the 
pH  of  the  reactor  was  relatively  constant  through  Day  113  of 
operation.  As  shown  in  Figure  10,  the  influent  pH  varied  between  5.7 
and  6.3,  while  the  effluent  pH  was  relatively  constant  (ca.  pH  6.9). 

5.3.5  Volatile  emissions 

The  air  above  the  bioreactor  was  periodically  monitored  using  an 
organic  vapor  analyzer  to  detect  volatile  losses  of  chlorobenzene 
from  the  system.  Organic  vapor  concentrations  ranged  from  trace  to 
non-detectable  levels,  suggesting  that  biological  treatment  was  the 
principal  removal  mechanism  (data  not  shown). 
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Figure  10.  Reactor  influent  (□)  and  effluent  pH  (+). 
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5.4  Effects  of  Shock  Loading 


Prior  to  the  shock-loading  experiment,  the  system  exhibited  stable 
performance  at  an  influent  flow  rate  of  4  gpm  (Table  2).  On  Day  63, 
the  groundwater  flow  was  increased  to  8  gpm,  thereby  doubling  the 
organic  loading  to  about  22.4  lb  TOD/day  (Appendix  A).  As  shown  in 
Figure  11,  the  effluent  chlorobenzene  concentrations  rapidly 
increased  from  nondetectable  to  levels  as  high  as  27.4  ppm  during 
the  shock.  Based  on  the  mean  groundwater  (115.2  ppm)  and  effluent 
(26.6  ppm)  chlorobenzene  concentrations,  oxygen  consumption  in  the 
reactor  (29.7  mg/L),  and  the  average  groundwater  (8  gpm)  and 
recycle  (28.4  gpm)  flow  rates,  the  mass  balance  for  the  system  was 
as  follows; 

a)  Groundwater  loading  =  11.2  lb  chlorobenzene/day 

b)  Effluent  losses  =  2.6  lb  chlorobenzene/day 

c)  TOD  consumption  =  10.2  lb  oxygen  consumed/day 

=  5.1  lb  chlorobenzene  degraded/day 

During  the  peak  of  the  excursion,  about  45%  of  the  chlorobenzene 
entering  the  reactor  was  removed  by  biodegradation,  while  23% 
exited  the  system  with  the  effluent.  Hence,  it  is  likely  that 
adsorption  accounted  for  approximately  32%  of  the  removal  observed 
during  the  experiment. 

Once  the  flow  rate  was  restored  to  4  gpm,  the  levels  of 
chlorobenzene  in  the  effluent  rapidly  declined.  Within  2  hours,  the 
effluent  concentrations  dropped  to  12  ppb,  and  within  2  days  the 
levels  were  consistently  below  the  detection  limit  of  10  ppb 
(Appendix  A).  To  allow  sufficient  time  for  the  reactor  to  recover 
prior  to  subsequent  experiments,  the  system  was  operated  from  Day 
65  to  92  at  an  influent  flow  rate  of  4  gpm.  Performance  of  the 
system  during  this  period  has  been  previously  described. 
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Chlorobenzene  (ppm) 


Figure  11.  Effects  of  shock  loading  on  reactor  performance.  Changes 
in  chlorobenzene  concentration  in  the  influent  (□--□)  and  effluent 
(— •)  from  the  reactor. 
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5.5  Operation  at  Excess  Loading 


To  examine  the  effects  of  extended  operation  at  organic  loading 
rates  exceeding  the  design  capacity,  the  flow  rate  to  the  reactor 
was  increased  on  Day  92  from  4  to  5  gpm,  thereby  increasing  the 
organic  loading  to  an  average  of  17.2  lb  TOD  per  day.  The  study  was 
conducted  to  push  the  unit  to  failure  in  an  attempt  to  identify 
critical  operating  parameters  as  well  as  potential  system 
improvements.  Performance  of  the  system  gradually  declined 
between  Days  92  and  113  as  indicated  by  oxygen  limitations  and 
increased  levels  of  chlorobenzene  in  the  effluent  (Appendix  A). 
However,  the  average  treatment  efficiency  remained  as  high  as  99%, 
as  summarized  in  Table  3.  Based  on  the  mean  concentrations  of 
chlorobenzene  in  the  groundwater  (144.5  ppm)  and  the  effluent  (1.1 
ppm),  oxygen  consumed  in  the  reactor  (22.2  mg/L),  and  the  average 
influent  (5  gpm)  and  recycle  (29.6  gpm)  flow  rates,  the  mass  balance 
for  the  system  was  as  follows: 

a)  Influent  loading  =  8.6  lb  chlorobenzene/day 

b)  Effluent  losses  =  0.1  lb  chlorobenzene/day 

c)  TOD  consumption  =  7.9  lb  oxygen  consumed/day 

=  3.9  lb  chlorobenzene  degraded/day 
Based  on  the  influent  loading,  about  45%  of  the  chlorobenzene 
entering  the  reactor  was  removed  by  biodegradation,  while  1%  exited 
with  the  effluent.  These  results  suggest  that  approximately  54% 
(4.6  lb  chlorobenzene  per  day)  of  the  material  was  removed  by 

adsorption,  which  would  equate  to  about  101  lb  of  chlorobenzene 
adsorbed  over  the  22-day  period.  Since  the  reactor  was  initially 
loaded  with  350  pounds  of  granular  activated  carbon,  this  amount  is 
within  the  capacity  of  the  adsorbent  (32). 

A  variety  of  mechanical  problems  were  encountered  during  operation 
under  overloaded  conditions  and  were  primarily  attributed  to 
excessive  biomass  growth  or  oxygen  limitations.  A  high  degree  of 
fouling  of  the  effluent  dissolved  oxygen  probe  was  experienced  due 
to  the  increase  in  biomass,  which  necessitated  daily  cleaning. 
Measurements  from  the  influent  dissolved  oxygen  probe  also  became 
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Table  3.  Summary  of  bioreactor  performance  data;  operation  at  excess  loading  (Day  92  to  214). 


05 

05 

^  >‘0 

c  o 

d 

0)  2  o 

ID 

05 

ID 

o 

05 

05 

CD 

/\ 

g  O  IL 

04 

D 

CO 

CO 

CNJ 

05 

lb. 

<0  O  'S 

O) 

05 

T— 

cd 

d 

d 

o 

u  «*■ 

05 

CJ5 

CO 

CJ5 

05 

05 

ID 

H  UJ  S? 

CD 

05 

A 

Q  ^ 

O  a 

04 

O 

04 

GO 

05 

»- 

o 

CNJ 

<D 

00 

05 

o  “■ 

d 

T~ 

d 

d 

d 

d 

d 

Q 

oil 

04 

in 

CO 

(D 

CNJ 

04 

cd 

' 

d 

04 

d 

Q  c  a 

04 

04 

04 

T“ 

»— 

O  w 

O 

** 

c 

®  Q  £ 

CD 

ID 

04 

T— 

=  0  a 

04 

d 

04 

r“ 

ID 

.pJ 

d 

E  - 

ID 

CNJ 

04 

*« 

c  c  ^ 

a 

fs. 

o 

(35 

CO 

d 

a>  fl)  ^ 

3  ^  a 

N.* 

CO 

O 

T- 

CO 

d 

o 

CO 

Q 

a 

2  O 

o 

ID 

o 

CO 

o 

CD 

T— 

CO 

2 

c  c  ^ 

0)  o  g 

5*?  a 

co 

CD 

CO 

04 

04 

cd 

CD 

5.4 

r 

9.7 

135 

CNJ 

CO 

T— 

c 

TO  O  £ 

ID 

CNJ 

04 

CO 

D 

ID 

ID 

<l>  ^  S 

0)  t 

LL  —  Q. 

CO 

04 

ID 

00 

d 

rf 

CNJ 

04 

T“ 

T- 

o 

r- 

▼- 

t- 

O)  >« 

TOD 

oadin 

b/Da 

04 

04 

d 

10.1 

4.0 

4.5 

CD 

U5 

7.0 

-j  ~ 

Eo 
<0  • 

T- 

C75 

CD 

00 

ID 

Tf 

d 

cd 

04 

d 

1-  ^ 

C\J 

04 

CNJ 

CNJ 

CNJ 

#>* 

"S 

05 

O 

CD 

CO 

o 

CQ  ©  2. 

05 

d 

00 

1^ 

d 

d 

X 

©  ^ 

£ 

CD 

D 

CO 

D 

CNJ 

o  5  Q. 

05 

d 

d 

CNJ 

04 

©  Li.  O) 

DC  w 

CNJ 

04 

04 

CO 

CO 

CO 

CO 

II 

o 

D 

ID 

04 

CO 

o 

CD 

IL  O) 

ID 

CO 

cd 

04 

04 

CO 

O 

\n 

04 

K 

(A 

CO 

CO 

ID 

CO 

05 

1— 

>« 

T- 

T“ 

▼— 

T 

04 

ra 

Q 

1 

CNJ 

CO 

D 

in 

CO 

00 

05 

CO 

CO 

iO 

00 

CD 

T— 

T- 

39 


inconsistent  when  compared  with  the  high  oxygen  flow  rates 
(Appendix  A).  As  a  result,  there  is  some  uncertainty  in  the  mass 
balance  calculations  previously  described,  although  the  magnitude  of 
oxygen  consumption  in  the  reactor  (7.9  Ib/day)  is  within  the 
expected  operating  capacity  of  the  system.  Because  the 
inconsistency  in  the  measurements  did  not  appear  to  be  caused  by 
excessive  biomass  fouling  of  the  influent  probe,  incompatibility  of 
the  sensor  membrane  with  the  higher  influent  chlorobenzene 
concentrations  was  initially  suspected.  The  problem  was  later 
traced  to  the  buildup  of  a  thin  film  on  the  membrane  which  required 
more  rigorous  cleaning  to  remove. 

The  increased  biomass  also  caused  excessive  clumping  and  packing 
of  the  carbon  particles  which  appeared  to  create  channels  within  the 
fluidized  bed.  To  correct  the  problem,  frequent  bed  soundings  with  a 
large  weight  were  required  to  break  up  the  clumps.  In  some  cases,  a 
length  of  plastic  pipe  was  used  to  apply  sufficient  agitation  to  break 
up  large  clumps  in  the  bed.  It  is  likely  that  the  increased  extent  and 
frequency  of  agitation  of  the  bed  resulted  in  significant  losses  of 
biomass  from  the  system,  and  may  account  for  the  decline  in  the  bed 
height  noted  from  Days  98  to  113  (Figure  9).  In  addition,  the  loss  of 
active  biomass  would  be  expected  to  contribute  to  lower  treatment 
efficiency. 

On  Day  113,  the  flow  rate  to  the  reactor  was  decreased  to  3.5  gpm, 
thereby  lowering  the  organic  loading  to  within  the  design  capacity 
(Table  3).  Over  the  next  18  days,  performance  of  the  system 
appeared  to  be  returning  to  normal  (Appendix  A).  The  carbon  bed 
expanded  from  8  to  10  feet  in  height,  consistent  with  microbial 
growth  in  the  system.  Effluent  chlorobenzene  concentrations  were 
typically  below  the  detection  limit,  and  treatment  efficiencies 
generally  exceeded  99.5%.  The  ratio  of  oxygen  consumption  to  the 
influent  oxygen  demand  ranged  from  0.6  to  as  high  as  3.1,  with  an 
average  of  1.0.  The  fact  that  the  oxygen  consumption  frequently 
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exceeded  the  influent  demand  would  be  consistent  with  biological 
regeneration  of  the  activated  carbon  (i.e.,  biodegradation  of  adsorbed 
materials). 

During  the  early  morning  of  Day  131,  a  cold  front  moved  across  the 
site,  and  the  air  temperature  may  have  dropped  to  as  low  as  -  2°C. 
The  impact  on  the  reactor  temperature  is  unknown.  Because  this 
change  occurred  over  the  weekend,  the  reactor  continued  operation 
unattended  until  the  morning  of  Day  133.  Observations  recorded  that 
morning  indicated  the  system  had  experienced  a  severe  upset,  since 
levels  of  chlorobenzene  in  the  effluent  had  increased  to  31.8  mg/L 
(Appendix  A).  By  Day  134,  the  effluent  concentrations  reached  64.3 
mg/L.  Due  to  the  significant  loss  of  performance,  the  reactor  was 
operated  at  flow  rates  between  0  and  1  gpm  over  the  next  3  weeks 
(Days  133  to  154).  Attempts  to  increase  the  flow  rate  above  this 
level  generally  resulted  in  elevated  levels  of  chlorobenzene  in  the 
effluent,  in  spite  of  the  fact  that  effluent  dissolved  oxygen 
concentrations  were  as  high  as  9.6  mg/L.  During  this  period,  a 
substantial  decrease  in  the  carbon  bed  height  was  also  observed,  and 
levels  fluctuated  between  7  and  8  feet.  Although  key  components  of 
system,  including  dissolved  oxygen  sensors,  nutrient  deliver 
equipment,  etc.,  were  checked  and  shown  to  be  fully  operational, 
attempts  to  restore  performance  of  the  system  were  unsuccessful. 

On  Day  155,  the  reactor  was  reseeded  as  before  with  30  gallons  of 
activated  sludge.  The  system  was  operated  on  internal  recycle  for  3 
days,  and  then  the  flow  rate  was  increased  to  1  gpm.  After  6  days, 
oxygen  consumption  across  the  reactor  was  consistent  with  the 
influent  TOD  loading  (Appendix  A). 

During  the  final  53  days,  the  reactor  was  operated  for  2-  to  4-week 
intervals  at  average  groundwater  flow  rates  of  1.3,  2  and  2.6  gpm, 
corresponding  to  organic  loadings  on  the  order  of  4.5,  5.6  and  7  lb 
TOD  per  day,  respectively  (Table  3).  Treatment  efficiencies 
continued  to  improve  during  this  period,  and  during  the  final  4  weeks 
of  operation,  met  or  exceeded  99.99%. 


41 


5.6  Effects  of  Temperature 


Over  the  214  day  study,  the  operating  temperature  of  the  bioreactor 
varied  in  response  to  summer,  fall  and  winter  conditions  (Figure  12 
and  Appendix  A).  Temperature  was  monitored  at  the  inlet  and  outlet 
of  the  column,  but  was  not  controlled.  During  the  initial  startup,  the 
morning  temperatures  were  in  the  range  of  28  to  SVC,  and  might 
climb  to  as  high  as  35°C  by  mid-day.  Average  operating 

temperatures  during  the  first  92  days  of  operation  decreased  from 
31.1  to  26.8°C,  while  treatment  efficiencies  generally  exceeded 

99.99%  (Table  2).  As  the  study  continued  into  the  fall  and  winter 

(Days  92  to  214),  the  operating  temperatures  continued  to  decline 

(Table  3).  Although  treatment  efficiencies  also  decreased  during 
this  period,  the  relationship  between  temperature  and  performance 
is  difficult  to  define,  since  other  variables  were  involved.  For 
example,  while  loading  the  bioreactor  at  17  lb  TOD  per  day  (Days  92- 
113),  the  operating  temperature  of  the  system  ranged  from  22.2  to 
29.5°C.  Although  the  decline  in  treatment  efficiency  was  likely  the 
result  of  limiting  dissolved  oxygen  concentrations,  a  number  of 
mechanical  problems  may  also  have  contributed.  When  the  loading 
was  returned  to  a  range  within  design  capacity  (Days  113-130),  the 
system  appeared  to  recover  and  achieve  high  treatment  efficiencies. 
Operating  temperatures  during  this  period  ranged  from  20.2  to 

28. rc. 

Based  on  previous  field  experience,  sudden  large  temperature 
decreases  have  been  reported  to  have  a  significant  impact  on  the 
performance  of  GAC-fluid  bed  bioreactors  (33).  A  temperature  drop 
may  have  caused  the  system  failure  which  occurred  between  Days 
131  and  133.  No  other  explanations  are  evident  at  this  point,  since 
prior  to  failure,  the  system  appeared  to  have  recovered  from  the 
period  of  excess  loading,  and  treatment  efficiencies  had  increased 
to  as  high  as  99.99%.  Whatever  caused  the  failure  of  the  system  on 
Day  131  appears  to  have  had  a  significant  detrimental  effect  on  the 
microbial  community,  since  attempts  to  restore  operation  by 
decreasing  the  organic  loading  were  unsuccessful.  In  contrast. 
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Figure  12.  Reactor  temperature. 
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reactor  performance  was  quickly  re-established  after  reseeding 
with  activated  sludge.  Although  the  average  operating  temperatures 
during  this  second  startup  (Days  155-214;  20  to  22°C)  were  lower 
than  during  the  first  (Days  1-43;  27  to  3rC),  comparison  of  the 
data  in  Tables  2  and  3  suggests  that  the  reactor  performance  was 
essentially  the  same. 
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6.0  ECONOMIC  ANALYSIS 


A  series  of  scenarios  were  developed  for  comparison  of  the  costs  of 
groundwater  treatment  using  the  GAC  fluid-bed  bioreactor  with  a 
number  of  conventional  technologies.  A  matrix  of  4  case  studies 
was  developed  on  the  basis  of  2  flow  rates  and  2  groundwater 
concentrations  as  follows: 

Case  1 .  30  gpm  flow  and  30  ppm  chlorobenzene 
Case  2.  30  gpm  flow  and  150  ppm  chlorobenzene 
Case  3.  150  gpm  flow  and  30  ppm  chlorobenzene 
Case  4.  150  gpm  flow  and  150  ppm  chlorobenzene 

For  each  case,  the  capital,  operating  and  maintenance  costs  for  a 
number  of  groundwater  treatment  technologies  were  estimated.  The 
treatment  technologies  included: 

A)  Liquid-phase  activated  carbon  adsorption 

B)  Air  stripping  with  vapor-phase  carbon  adsorption 

C)  Air  stripping  with  thermal  oxidation 

D)  GAC  fluid-bed  bioreactor 

Each  of  the  4  treatment  systems  were  functionally  equivalent  based 
on  the  ability  to  achieve  an  effluent  discharge  limit  of  5  ppb. 

6.1  Process  Design 

AspenPlus  process  simulation  software  was  used  to  simulate  the 
treatment  process  and  determine  the  material  and  energy  balance 
for  each  of  the  16  technology  and  case  study  combinations.  A 
general  process  schematic  for  each  treatment  technology  is  shown 
in  Figures  13  to  16. 


45 


6.1.1  Liquid-phase  activated  carbon  adsorption 


Liquid-phase  GAC  adsorption  was  accomplished  using  2  carbon  beds 
in  series  (Figure  13).  The  third  bed  in  the  design  is  off-line  to  allow 
the  spent  carbon  to  be  changed.  The  systems  for  treatment  of  30 
gpm  flow  rates  consist  of  5  foot  tall  by  5  foot  diameter  vessels 
filled  with  bulk  carbon.  The  process  design  for  150  gpm  flow  rates 
required  6  foot  tall  by  6  ft  diameter  vessels.  Carbon  loading  data 
was  supplied  by  Calgon  Carbon  Corp.  (34).  Loading  capacities  for 
influent  concentrations  of  30  and  150  ppm  were  62.5  and  83.3  mg 
chlorobenzene  per  gram  of  carbon,  respectively. 

6.1.2  Air  stripping  with  vapor-phase  carbon  adsorption 

Figure  14  shows  the  basic  design  of  the  system  used  for  air 
stripping  with  vapor-phase  carbon  treatment.  In  designing  the  air 
stripper,  the  vapor-liquid  equilibrium  for  chlorobenzene  was 
predicted  to  be  non-ideal,  so  the  UNIQUAC  activity  coefficient 
equation  was  used  (35).  Binary  interaction  constants  were 
estimated  from  the  chemical  structure.  The  size  of  the  stripper 
tower  varied  depending  on  the  groundwater  flow  rate  and 
chlorobenzene  concentration.  The  diameter  of  the  column  ranged 
from  1.2  to  2.6  feet  for  groundwater  flow  rates  of  30  and  150  gpm, 
respectively.  Similarly,  the  height  of  the  column  ranged  from  34  to 
40  feet  for  influent  chlorobenzene  concentrations  of  30  and  150 
ppm,  respectively.  The  height  of  the  packing  was  estimated  using 
the  procedure  described  by  Treybal  for  calculating  the  number  of 
overall  liquid-phase  mass  transfer  units  (36).  The  stripper  towers 
were  packed  with  polypropylene  packing. 

The  vapor  phase  was  treated  using  a  2  carbon  beds  in  series.  Since 
humidity  reduces  adsorption  capacity,  an  air  blower  was  placed 
between  the  stripper  and  the  carbon  beds  to  raise  the  gas 
temperature  by  approximately  4  C,  thereby  lowering  the  relative 
humidity.  For  convenience,  55  gallon  single-use  canisters  were  used 
for  the  the  cases  with  lower  chlorobenzene  loadings  (Cases  IB  and 


46 


Figure  13.  Process  flow  diagram  for  simulation  of  liquid-phase  activated  carbon  adsorption. 
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Figure  14.  Process  flow  diagram  for  simulation  of  air  stripping  with  vapor-phase  carbon 
adsorption. 
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3B),  whereas  8  foot  tall  by  8  foot  diameter  vessels  filled  with  bulk 
carbon  were  used  for  cases  with  higher  chlorobenzene 
concentrations  (Cases  2B  and  4B).  Carbon  loading  data  for  vapor- 
phase  treatment  was  supplied  by  Calgon  (34).  At  partial  pressures 
of  0.0017  and  0.0087  psia,  chlorobenzene  loadings  were  reported  to 
be  32  and  42%  by  weight,  respectively.  These  values  were  reduced 
by  50%  to  account  for  humidity  and  by  a  factor  of  0.85  to  account  for 
efficiency.  For  influent  chlorobenzene  concentrations  of  30  and  150 
ppm,  the  vapor-phase  loading  capacities  were  13.6  and  17.9%  by 
weight,  respectively. 

6.1.3  Air  stripping  with  thermal  oxidation 

As  shown  in  Figure  15,  chlorobenzene  removed  by  air  stripping  was 
also  treated  using  a  thermal  oxidizer.  The  system  was  designed 
with  an  economizer  on  the  air  side  of  the  thermal  oxidizer  to 
recover  heat,  thereby  minimizing  fuel  consumption.  A  forced  draft 
fan  pulls  air  through  the  stripper  and  pushes  it  into  the  thermal 
oxidizer.  For  safety,  the  concentration  of  combustible  organics  in 
the  vapor  phase  from  the  stripper  must  be  less  than  25%  of  the 
lower  explosive  limit.  An  induced  draft  fan  provides  the  required 
safe  draft  on  the  incinerator  and  pushes  the  flue  gas  though  the  air 
pollution  control  scrubber.  The  flue  gas  leaving  the  thermal  oxidizer 
is  scrubbed  by  contacting  it  with  the  treated  groundwater. 

The  air  stripper  and  the  flue  gas  scrubber  were  designed  using  the 
same  criteria  as  described  above.  The  thermal  oxidizer  was  sized 
using  a  factor  of  200  standard  cubic  feet  per  minute  of  air  per 
million  BTU  per  hour  and  applying  a  safety  factor  of  30%  to  the  air 
flow  rate.  The  economizer  was  designed  using  an  estimated  heat 
transfer  coefficient  of  24  BTU  per  hour  per  square  foot  per  degree-F 
and  a  safety  factor  of  50%. 

Treated  groundwater  was  used  to  scrub  hydrogen  chloride  present  in 
the  flue  gas  to  eliminate  any  additional  hydraulic  loading  to  the 
discharge.  This  would  add  approximately  10  ppm  to  50  ppm  of  HCl  to 
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Figure  15. 
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the  discharge  water  depending  on  the  initial  chlorobenzene 
concentration.  It  was  assumed  that  the  groundwater  would  have 
sufficient  buffering  capacity  to  accommodate  the  acidity  to  avoid 
additional  costs.  When  the  alkalinity  of  the  groundwater  is  low, 
additional  neutralization  may  be  required. 

6.1.4  GAC  fluid-bed  bioreactor  treatment 

The  design  for  the  process  simulation  of  the  GAC  fluid-bed 
bioreactor  was  based  on  the  Envirex  system  (Figure  16).  The  height 
and  diameter  of  the  biological  reactor  were  sized  to  achieve  flux 
rates  of  13  gpm  per  square  foot  and  a  hydraulic  residence  times  of  7 
minutes.  For  the  process  simulation,  the  diameter  of  the  reactor 
vessel  varied  from  2.5  to  13  feet  and  the  height  from  16  to  21  feet 
depending  on  the  flow  rate  and  chlorobenzene  concentration.  The 
recycle  flow  rate  was  calculated  from  the  greater  of  a)  30  gpm,  b) 
25%  of  the  feed,  or  c)  2.9  gpm  per  pound  of  TOD  per  day.  A  minimum 
flow  of  30  gpm  through  the  bioreactor  was  assumed  in  order  to 
fluidize  the  carbon  bed.  To  buffer  any  potential  step  changes  in  the 
feed  concentration,  the  system  was  designed  with  a  minimum  of  25% 
recycle.  The  organic  loading  capacity  of  the  reactor  was  based  on 
the  solubility  of  oxygen  in  the  reactor  feed  stream  (32  ppm). 

6.2  Basis  of  Economic  Analysis 

A  number  of  factors  are  expected  to  influence  the  costs  for  treating 
groundwater  with  the  various  technologies.  These  include 
groundwater  flow  rate,  nature  and  concentration  of  the 
contaminants,  groundwater  chemistry,  physical  site  conditions, 
geographical  location,  size  of  the  contaminant  plume,  and  the 
treatment  goals.  In  addition,  the  length  of  time  that  will  be 
required  to  satisfactorily  remove  the  contaminants  adds 
considerable  uncertainty  to  the  remedial  design.  Because  most 
pump-and-treat  groundwater  remediation  projects  are  long  term, 
the  analysis  assumes  that  the  treatment  project  will  last  at  least 
10  years. 
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Figure  16.  Process  flow  diagram  for  simulation  of  the  GAC  fluid-bed  bioreactor. 
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The  economic  analysis  assumes  that  the  contaminated  groundwater 
will  be  pumped  to  the  various  treatment  systems.  Since  the  costs 
for  installing  extraction  wells  and  delivery  pipelines  will  be  highly 
site  dependent,  they  have  not  been  considered.  Discharge 
requirements  are  also  expected  to  be  site  specific.  For  the  present 
analysis,  water  treated  by  GAC  adsorption  or  air  stripping  (coupled 
to  either  vapor-phase  carbon  adsorption  or  thermal  oxidation)  was 
assumed  to  be  discharged  to  surface  water  at  no  cost.  In  contrast, 
due  to  the  presence  of  suspended  solids  in  the  effluent  from  the  GAC 
fluid-bed  bioreactor,  additional  disposal  costs  may  be  incurred.  For 
cases  1  and  3,  effluent  suspended  solids  concentrations  in  the  range 
of  8  mg/L  (based  on  30  ppm  chlorobenzene  and  a  yield  of  0.27)  may 
be  sufficiently  low  to  permit  direct  discharge.  In  contrast,  the 
levels  of  suspended  solids  resulting  in  cases  2  and  4  may  warrant 
disposal  of  the  effluent  to  a  local  publicly  owned  treatment  works 
(POTW).  Because  of  the  uncertainty  in  discharge  requirements, 
groundwater  treatment  costs  for  the  bioreactor  are  presented  with 
and  without  POTW  disposal  costs.  For  the  present  analysis,  POTW 
charges  were  assumed  to  be  $3.00  per  1000  gallons. 

The  following  assumptions  were  also  made  for  each  case  in  this 
analysis: 

•  The  groundwater  contains  low  levels  of  iron  and  manganese  and 
will  not  require  pretreatment  other  than  coarse  filtration 

•  Utilities,  including  natural  gas  and  electricity,  are  readily 
available  at  the  site 

•  The  treatment  system  will  operate  automatically 

•  A  part-time  technician  will  be  required  to  operate  the  equipment, 
collect  all  required  samples,  and  perform  equipment  maintenance 
and  minor  repairs 

•  One  treated  water  sample  and  one  untreated  water  sample  will  be 
collected  daily  to  monitor  system  performance 
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•  Treated  and  untreated  water  samples  will  be  collected  monthly 
and  analyzed  by  an  independent  laboratory 

•  Costs  of  major  repairs  are  included 

•  Taxes  and  insurance  costs  have  not  been  included. 

6.3  Cost  Categories 

Groundwater  treatment  costs  can  be  subdivided  into  a  series  of 
categories  based  on  previous  experience  at  Superfund  and  RCRA 
corrective  action  sites  (37).  For  the  economic  analysis,  costs  were 
allocated  for  the  following  categories:  (1)  site  preparation,  (2) 
permitting  and  regulatory  requirements,  (3)  capitalized  equipment, 
(4)  startup,  (5)  demobilization,  (6)  labor  costs  for  both  operating 
staff  and  any  necessary  training,  (7)  consumables  and  supplies, 
including  activated  carbon  and  inorganic  nutrients,  (8)  natural  gas 
and  electric  power  utilities,  (9)  analytical  services,  and  (10) 
maintenance.  Costs  associated  with  each  category  are  discussed 
below. 

Site  preparation  costs  include  administration,  treatability  studies, 
and  engineering  costs.  For  this  analysis  the  costs  are  estimated  to 
be  a  one-time  charge  of  $50,000.  These  costs  are  independent  of  the 
contaminant  concentration  and  flow  rate. 

Permitting  and  regulatory  costs  are  also  assumed  to  be  independent 
of  the  contaminant  levels  and  flow  rate.  However,  they  will  be 
highly  dependent  on  whether  treatment  is  performed  at  a  Superfund 
or  a  RCRA  corrective  action  site.  For  this  analysis,  these  costs  are 
estimated  to  be  a  one-time  charge  of  $50,000. 

Capitalized  equipment  costs  include  purchasing  and  installing  all 
treatment  equipment.  For  this  analysis,  the  costs  of  the  equipment 
described  in  each  process  simulation  (Figures  13  to  16)  were 
estimated  using  the  Dow  Factored  Cost  Estimation  Program  (data  not 
shown).  Capital  costs  also  include  instrumentation,  computer 
control,  and  minimum  shelter  for  the  computer  and  any  sensitive 
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analytical  equipment.  When  size  permits,  the  process  equipment 
will  be  pre-fabricated  on  skids  and  delivered  to  the  site  ready  for 
start-up.  Costs  directly  associated  with  equipment  startup  are 
included. 

Expenses  in  the  startup  category  include  additional  costs  for 
developing  a  health  and  safety  program  for  the  site  and  one-time 
operator  training  costs.  For  this  analysis,  the  startup  costs  are 
estimated  to  be  $4000. 

Demobilization  costs  include  shut-dawn,  disassembly  and  disposal 
of  the  equipment  at  a  facility  for  hazardous  waste.  This  analysis 
assumes  that  the  equipment  will  have  no  salvage  value  at  the  end  of 
the  project.  The  costs  were  calculated  based  on  a  fixed  charge  of 
$7500  plus  a  variable  2%  of  the  original  capital  cost.  Since  these 
costs  will  occur  at  the  end  of  the  project,  they  have  been  discounted 
to  the  present  value. 

Labor  expenses  are  based  on  the  assumption  that  each  system  will 
only  require  a  part-time  operator.  Labor  costs  were  estimated  at 
$40,000  plus  $3000  per  year  for  annual  health  monitoring  and  safety 
training. 

Consumables  and  supplies  include  personal  protective  equipment 
(e.g.  steel-toed  boots,  full-face  respirators  and  cartridges,  gloves 
and  safety  glasses)  that  are  predicted  to  cost  $600  per  year. 
Groundwater  filtration  costs  of  $50  per  300,000  gallons  include 
purchase  of  new  filter  bags  and  associated  disposal  as  hazardous 
waste.  Miscellaneous  expenses  for  oil,  replacement  gauges,  pump 
seals  and  spare  parts  may  also  be  incurred. 

Activated  carbon  will  be  purchased  either  as  55-gallon  single-use 
drums  or  in  bulk.  A  single-use  drum  contains  200  pounds  of  carbon 
and  costs  $1300,  which  includes  delivery  and  reprocessing.  Single¬ 
use  drums  were  used  only  for  air  stripping  cases  IB  and  3B.  Bulk 
carbon  was  used  for  all  other  applications.  The  cost  of  bulk  carbon 
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for  liquid-phase  treatment  was  $1.25  per  pound  which  includes 
delivery  and  reprocessing.  Bulk  carbon  for  vapor  phase  treatment 
was  $1.75  per  pound. 

Nutrient  costs  were  calculated  from  the  stoichiometry  of  addition 
to  satisfy  a  TOD:N:P  ratio  of  100:5:1.  Based  on  the  cost  of  the 
nutrient  mixture,  operating  costs  were  estimated  to  be  $0.13  per 
pound  of  TOD. 

Utility  costs  included  natural  gas  at  $4.00  per  thousand  standard 
cubic  feet  (10®  BTUs)  and  electricity  at  $0.08  per  kilowatt-hour. 

Analytical  services  costs  include  daily  analysis  of  treated  and 
untreated  water  samples.  In  addition,  one  sample  per  month  will  be 
analyzed  at  an  independent  laboratory.  The  independent  laboratory 
will  prepare  monthly  reports  and  yearly  summaries. 

Maintenance  costs  for  each  case  were  calculated  as  a  percentage  of 
the  capitalized  equipment  costs.  Maintenance  costs  are  likely  to  be 
low  during  the  first  year  of  operation,  higher  in  the  last  year,  and 
highly  variable.  For  this  analysis,  the  costs  were  estimated  to  be  an 
average  of  5%  of  the  capitalized  equipment  costs  per  year. 

6.4  Treatment  Costs 

Cost  estimates  for  each  of  the  4  treatment  technologies  for  the  4 
cases  are  presented  in  Tables  4  to  7.  The  costs  were  projected  over 
a  10-year  period.  The  total  one-time  costs  are  those  that  occur  only 
once  during  the  life  of  the  project  and  include  site  preparation, 
permitting  and  regulatory  expenses,  capitalized  equipment,  startup 
and  demobilization.  The  one-time  costs  were  divided  equally  over 
the  10-year  life  of  the  project  and  added  to  the  total  yearly 
operating  and  maintenance  (O&M)  costs  (labor,  consumables, 
utilities,  analytical,  etc)  to  calculate  the  total  yearly  costs. 
Treatment  costs  in  dollars  per  1000  gallons  were  calculated  from 
the  total  yearly  cost  at  the  stated  flow  for  8000  hours  per  year. 
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This  value  was  selected  to  accomodate  any  down  time  that  may  be 
required  for  maintenance  or  repair  of  either  the  groundwater 
recovery  or  treatment  systems.  All  costs  are  presented  in  1994 
dollars  and  are  considered  to  be  order-of-magnitude  estimates. 

Comparison  of  the  data  presented  in  Tables  4  through  7  indicates 
that  for  a  given  flow  rate,  the  cost  of  groundwater  treatment  (in 
$/1000  gallons)  generally  increases  as  the  concentration  of  the 
contaminants  increases.  However,  economy  of  scale  differences  are 
also  readily  apparent,  since  unit  treatment  costs  for  the  higher  flow 
rates  were  generally  cheaper  than  those  for  lower  flows. 

Of  the  4  technologies  examined,  the  costs  for  groundwater 
treatment  using  the  GAC  fluid-bed  bioreactor  were  generally  lower 
as  compared  to  the  more  conventional  methods.  Bioreactor  costs 
ranged  from  $2.00  to  $13.00  per  1000  gallons,  and  were  highly 
dependent  on  the  influent  concentration,  flow  rate  and  potential 
POTW  disposal  charges.  Groundwater  treatment  by  liquid-phase 
carbon  adsorption  was  the  most  expensive  ($7.00  to  $27.00  per  1000 
gallons),  primarily  because  of  the  costs  for  replacement  and 
disposal  of  the  spent  carbon.  Air  stripping  with  vapor-phase 
adsorption  was  more  expensive  than  air  stripping  coupled  to  thermal 
oxidation.  At  the  higher  flow  rates,  the  costs  for  the  latter  are 
estimated  to  be  about  half  of  those  for  systems  with  vapor-phase 
carbon  treatment. 

Additional  differences  between  the  4  technologies  are  evident  from 
a  comparison  of  capital  and  yearly  operating  and  maintenance  costs. 
Capital  costs  for  liquid-phase  adsorption  and  air  stripping  with 
vapor-phase  adsorption  were  among  the  lowest,  ranging  from 
$280,000  to  $363,000  and  from  $102,000  to  $640,000,  respectively. 
In  contrast,  yearly  operating  and  maintenance  costs  for  these  two 
methods  were  very  high,  ranging  from  $150,000  to  $1,500,000,  with 
the  bulk  of  the  expense  associated  with  carbon  replacement.  Capital 
costs  for  GAC  fluid-bed  bioreactor  were  also  relatively  low,  ranging 
from  $143,000  to  $607,000.  Note  that  while  these  capital 
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Table  4.  Economic  analysis  of  liquid-phase  carbon  adsorption. 


Case  1A 

Case  2A 

Case  3A 

Case  4A 

Flow  rate  (gpm) 

30 

30 

150 

150 

Chlorobenzene  (ppm) 

30 

1  50 

30 

150 

Site  preparation 

50000 

50000 

50000 

50000 

Permitting  and  regulatory 

50000 

50000 

50000 

50000 

Capital  equipment 

280000 

280000 

363000 

363000 

Startup 

4000 

4000 

4000 

4000 

Demobilization 

13100 

13100 

14760 

14760 

Total  one-time  costs 

397100 

397100 

481760 

481760 

Labor 

Operating  staff 

40000 

40000 

40000 

40000 

Training 

3000 

3000 

3000 

3000 

Consumables/supplies 

3000 

3000 

12600 

12600 

Activated  carbon 

72000 

270000 

360000 

1352000 

Nutrients 
Utilities 
Natural  gas 


Electrical 

Analytical  services 
Maintenance 

1432 

24000 

14000 

1432 

24000 

14000 

1432 

24000 

18150 

1432 

24000 

18150 

Total  annual  O&M  costs 

157432 

355432 

459182 

1451182 

Total  yearly  costs  (10  yr) 

197142 

395142 

507358 

1499358 

Cost  per  1000  gallons 

13.69 

27.44 

7.05 

20.82 
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Table  5.  Economic  analysis  of  air  stripping  with  vapor-phase  carbon 
adsorption. 


Case  1B 

Case  2B 

Case  3B 

Case  4B 

Flow  rate  (gpm) 

30 

30 

150 

150 

Chlorobenzene(ppm) 

30 

150 

30 

150 

Site  preparation 

50000 

50000 

50000 

50000 

Permitting  and  regulatory 

50000 

50000 

50000 

50000 

Capital  equipment 

102000 

190000 

219000 

640000 

Startup 

4000 

4000 

4000 

4000 

Demobilization 

9540 

11300 

11800 

20300 

Total  one-time  costs 

215540 

305300 

334880 

764300 

Labor 

Operating  staff 

40000 

40000 

40000 

40000 

Training 

3000 

3000 

3000 

3000 

Consumables/supplies 

3000 

3000 

12600 

12600 

Activated  carbon 

150800 

144200 

743600 

722400 

Nutrients 

Utilities 

Natural  gas 

Electrical 

1909 

1909 

3818 

3818 

Analytical  services 

24000 

24000 

24000 

24000 

Maintenance 

5100 

9500 

10950 

32000 

Total  annual  O&M  costs 

227809 

225609 

837968 

837818 

Total 

yearly  costs  (10  yr) 

249363 

256139 

871456 

914248 

Cost 

per  1000  gallons 

17.32 

17.79 

12.10 

12.70 
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Table  6.  Economic  analysis  of  air  stripping  with  thermal  oxidation. 


Case  1C 

Case  2C 

Case  3C 

Case  4C 

Flow  rate  (gpm) 

30 

30 

150 

150 

Chlorobenzene(ppm) 

30 

1  50 

30 

150 

Site  preparation 

50000 

50000 

50000 

50000 

Permitting  and  regulatory 

50000 

50000 

50000 

50000 

Capital  equipment 

724000 

736000 

2197000 

2223000 

Startup 

4000 

4000 

4000 

4000 

Demobilization 

21980 

22220 

51440 

51960 

Total  one-time  costs 

849980 

862220 

2352440 

2378960 

Labor 

Operating  staff 

40000 

40000 

40000 

40000 

T  raining 

3000 

3000 

3000 

3000 

Consumables/supplies 

3000 

3000 

12600 

12600 

Activated  carbon 

Nutrients 

Utilities 

Natural  gas 

1659 

929 

8394 

4470 

Electrical 

501 1 

501 1 

16942 

1  6942 

Analytical  services 

24000 

24000 

24000 

24000 

Maintenance 

36200 

36800 

109850 

111150 

Total  annual  O&M  costs 

112870 

112740 

214787 

212162 

Total  yearly  costs  (10  yr) 

197868 

1 98962 

450031 

450058 

Cost  per  1000  gallons 

13.74 

13.82 

6.25 

6.25 
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Table  7.  Economic  analysis  of  GAC  fluid-bed  bioreactor. 


Case  1 D 

Case  2D 

Case  3D 

Case  4D 

Flow  rate  (gpm) 

30 

30 

150 

150 

Chlorobenzene(ppm) 

30 

150 

30 

150 

Site  preparation 

50000 

50000 

50000 

50000 

Permitting  and  regulatory 

50000 

50000 

50000 

50000 

Capital  equipment 

143000 

284000 

284000 

607000 

Startup 

4000 

4000 

4000 

4000 

Demobilization 

10360 

13180 

13180 

19640 

Total  one-time  costs 

257360 

401180 

401180 

730640 

Labor 

Operating  staff 

40000 

40000 

40000 

40000 

Training 

3000 

3000 

3000 

3000 

Consumables/supplies 

3000 

3000 

12600 

12600 

Activated  carbon 

Nutrients 

936 

4680 

4680 

23400 

Utilities 

Natural  gas 

Electrical 

4295 

14795 

14795 

48202 

Analytical  services 

24000 

24000 

24000 

24000 

Maintenance 

7150 

14200 

14200 

30350 

Total  annual  O&M  costs 

82381 

103675 

113275 

181552 

Total  yearly  costs  (10  yr) 

108117 

143793 

153393 

254616 

Cost  per  1000  gallons 

7.51 

9.99 

2.13 

3.54 

With  POTW  disposal  costs  12.99  6.54 
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estimates  were  derived  from  the  process  simulation  and  the 
individual  component  costs,  they  are  comparable  to  the  costs  of 
commercially  available  skid  mounted  bioreactors.  Of  the 

technologies  examined,  capital  costs  for  the  air  stripper  and 
thermal  oxidizer  system  were  the  most  expensive,  ranging  from 
$720,000  to  $2,200,000.  However,  the  air  stripper/thermal  oxidizer 
and  the  GAC  fluid-bed  bioreactor  both  had  lower  yearly  operating  and 
maintenance  costs. 
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7.0  CONCLUSIONS 


The  objective  of  this  project  was  to  evaluate  the  utility  of  an 
Envirex  GAC  fluid-bed  bioreactor  system  to  treat  chlorobenzene 
contaminated  groundwater.  Reactors  of  this  type  are  commercially 
available,  and  have  been  widely  used  for  treatment  of  groundwater 
and  process  water  containing  readily  biodegradable  aromatic 
hydrocarbons,  such  as  mixtures  of  benzene,  toluene,  ethylbenzene 
and  xylene  (BTEX;  [9-12]).  In  contrast,  the  application  of  bioreactors 
for  treatment  of  chlorinated  organic  compounds  has  been  limited. 
Recently  however,  specialized  microbial  processes  have  been 
discovered,  and  it  is  now  known  that  a  variety  of  chlorinated 
aliphatic  and  aromatic  hydrocarbons  can  be  utilized  by 
microorganisms  as  carbon  sources  for  growth  (13-21,  38-41). 
These  discoveries  expand  the  range  of  contaminants  susceptible  to 
biotreatment,  thereby  expanding  the  range  of  applications  for  this 
cost-effective  treatment  technology. 

An  important  consideration  before  the  field  study  was  the 
identification  of  the  source  of  inoculum  to  be  used  to  seed  the 
bioreactor.  On  the  basis  of  previous  work  by  Spain  and  co-workers 
(19-21),  the  initial  plan  was  to  use  Pseudomonas  strain  JS150. 
During  a  3-week  demonstration  conducted  at  Kelly  Air  Force  Base, 
upflow  fixed-film  reactors  inoculated  with  the  organism  were 
highly  effective  in  treating  groundwater  containing  a  mixture  of 
aromatic  and  chloroaromatic  hydrocarbons  (20).  However, 
microbiological  analysis  of  the  reactor  indicated  that  strain  JS150 
was  eventually  displaced  by  native  microorganisms  present  in  the 
groundwater  (21).  These  results  suggested  that  bacteria  indigenous 
to  contaminated  sites  could  be  used  to  seed  a  bioreactor,  and 
prompted  an  investigation  of  the  distribution  of  chlorobenzene 
bacteria  at  the  present  study  site.  Competent  bacteria  were  readily 
isolated  from  enrichment  cultures  inoculated  with  either  activated 
sludge  or  contaminated  groundwater.  Microbiological  analysis  of  the 
cultures  suggested  that  on  the  basis  of  colony  morphology  on  solid 
media,  at  least  6  distinct  chlorobenzene-degrading .  bacteria  were 
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present  in  cultures  inoculated  with  activated  sludge,  while  2 
distinct  types  were  isolated  from  the  groundwater.  As  a  result, 
activated  sludge  from  the  site  was  used  to  inoculate  the  reactor 
during  startup.  However,  in  view  of  the  work  of  Nishino  et  al  (21), 
since  chlorobenzene-degrading  bacteria  were  present  in  the 
groundwater  it  is  likely  that  upon  extended  operation  of  the 
bioreactor,  the  organisms  present  in  the  inoculum  were  eventually 
displaced. 

To  evaluate  performance  over  a  range  of  operating  conditions, 
organic  loading  to  the  reactor  was  periodically  increased  by 
adjusting  the  groundwater  flow  rate.  Chlorobenzene  treatment 
efficiencies  exceeding  99.99%  were  achieved  at  loading  rates  within 
the  design  capacity  (6-10  lb  TOD/day)  at  a  hydraulic  residence  time 
of  7  minutes.  Although  chlorobenzene  concentrations  in  the 
groundwater  varied  from  100  to  170  ppm,  performance  of  the 
reactor  was  essentially  constant  and  effluent  chlorobenzene 
concentrations  were  consistently  below  the  detection  limit.  At 
loading  rates  of  5  and  9  lb  TOD/day,  the  ratio  of  oxygen  consumption 
to  the  influent  TOD  concentration  ranged  between  0.93  and  0.99, 
suggesting  that  biodegradation  was  the  principal  removal 
mechanism.  Volatilization  from  the  reactor  was  negligible,  since 
periodic  analysis  of  the  organic  vapor  concentrations  around  the 
reactor  revealed  trace  to  nondetectable  levels.  These  results  are 
consistent  with  previous  reports  describing  the  performance  of  GAG 
fluid-bed  bioreactors  during  full-scale  evaluations  (42).  Removal 
efficiencies  exceeding  99%  have  been  frequently  reported  for 
treatment  of  groundwater  containing  mixtures  of  aromatic 
hydrocarbons  resulting  from  fuel  spills  (9-11).  Recently,  Eckel  et  al 
(43)  described  similar  performance  for  the  biological  treatment  of 
groundwater  containing  a  complex  mixture  of  volatile  and 
semivolatile  organic  compounds  which  included  several 
chloroanilines  and  chloronitrobenzenes. 

When  the  bioreactor  was  operated  at  organic  loading  rates  in  excess 
of  the  design  capacity,  adsorption  also  appeared  to  play  a  role  in 
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maintaining  high  treatment  efficiencies.  At  loading  rates  of  12  lb 
TOD/day,  chlorobenzene  removal  efficiencies  continued  to  exceed 
99.99%,  however,  the  ratio  of  oxygen  consumption  to  the  influent 
TOD  concentration  decreased  to  0.78.  The  treatment  efficiency 
decreased  to  an  average  of  99.3%  when  the  reactor  was  operated  at 
17  lb  TOD/day.  A  mass  balance  for  the  system  at  the  higher  loading 
suggested  that  approximately  45%  of  the  chlorobenzene  entering  the 
reactor  was  removed  by  biodegradation,  54%  was  adsorbed,  and  1  ^ 
exited  with  the  effluent.  Adsorption  capacity  expended  during 
operation  at  the  higher  loading  was  biologically  regenerated  as 
evident  by  the  fact  that  oxygen  consumption  frequently  exceeded  the 
influent  TOD  concentration  when  the  loading  was  decreased  from  17 
to  10  lb  TOD/day.  The  adsorption  capacity  of  the  system  also  serves 
to  dampen  the  effects  of  loading  changes  caused  by  variability  in  the 
groundwater  composition.  In  addition,  treatment  efficiencies  did 
not  appear  to  be  affected  by  step  changes  in  groundwater  flow  rate, 
which  increased  loading  to  the  reactor  by  1.4-fold  increments  (e.g., 
8.5  to  12  lb  TOD/day).  In  contrast,  the  adsorption  capacity  of  the 
carbon  was  ineffective  in  dampening  the  effects  of  a  major  shock 
load.  When  loading  to  reactor  was  doubled  from  12  to  24  lb  TOD  per 
day,  effluent  chlorobenzene  concentrations  rapidly  increased. 
However,  the  effects  were  temporary,  since  the  effluent 
concentrations  rapidly  declined  when  the  loading  was  restored  to 
prior  levels. 

The  maximum  organic  loading  capacity  of  the  bioreactor  is  a 
function  of  the  ability  to  provide  sufficient  oxygen  for 
biodegradation.  Furthermore,  the  ability  to  satisfy  the  oxygen 
demand  was  shown  to  have  the  greatest  effect  on  maintaining  high 
treatment  efficiencies.  With  the  current  design,  the  capacity  to 
provide  dissolved  oxygen  is  controlled  by  the  purity  of  oxygen  gas 
produced  by  the  oxygen  generator  and  the  transfer  efficiency  of  the 
injection,  bubble  trap  and  eductor  system.  According  to  the 
manufacturer,  the  capacity  of  the  current  design  is  in  the  range  of  6 
to  10  lb  O2  per  day  (23).  Although  observations  during  the  present 
study  suggested  that  as  high  as  15  lb  O2  per  day  could  be  delivered. 
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the  majority  of  the  values  fell  below  10,  consistent  with 
manufacturers  specifications.  Recently,  Envirex  has  developed  and 
began  testing  a  new  pressurized  bubble  contactor  which  reportedly 
can  achieve  significantly  higher  oxygen  transfer  efficiencies  (27). 
Preliminary  indications  suggest  that  with  the  new  design,  the 
loading  capacity  of  the  bioreactor  can  be  increased  by  50  to  100%. 

A  variety  of  problems  were  experienced  during  the  field  study,  many 
of  which  occurred  during  the  period  of  operation  at  excessive 
loading.  Fouling  of  both  the  influent  and  effluent  dissolved  oxygen 
probes  was  a  constant  problem  due  to  increased  biomass  production. 
The  accumulation  of  a  thin  film  on  the  sensor  membranes  was  also 
noted,  which  required  more  rigorous  cleaning  to  remove.  During 
prolonged  periods  of  operation,  repeated  problems  with  the  oxygen 
sensors  could  have  a  significant  impact  on  the  reliability  of  a 
bioreactor.  Since  accurate  oxygen  measurements  are  critical  for 
control  of  the  delivery  system,  consideration  of  self-cleaning 
oxygen  electrodes  is  highly  recommended.  Plugging  of  the  nutrient 
delivery  system  also  created  problems  and  affected  reactor 
performance.  Because  of  the  composition  of  the  nutrient  mixture 
and  the  inorganic  ions  present  in  the  makeup  water,  an  inorganic 
precipitate  routinely  accumulated  in  the  nutrient  solution  storage 
tank.  On  at  least  2  occasions,  transient  excursions  in  effluent 
quality  were  traced  to  nutrient  limiting  conditions  caused  by 
plugging  of  the  delivery  system.  Precipitation  in  the  nutrient 

storage  tank  could  be  avoided  by  evaluating  alternative  ways  of 
providing  inorganic  nitrogen  and  phosphorus,  or  by  examining 
different  sources  of  makeup  water. 

Of  the  various  types  of  fixed-film  reactors,  the  GAG  fluid-bed 
reactor  offers  several  advantages  over  packed-bed  units.  With  the 
latter,  as  growth  occurs  the  system  may  eventually  plug  as  the 
support  media  becomes  packed  with  biomass.  Plugging  may  also 
result  due  to  precipitation  and  accumulation  of  calcium  carbonate  or 
ferric  iron.  This  problem  is  eliminated  by  operating  in  a  fluidized- 
bed  manner.  Furthermore,  the  fluid-bed  process  provides 
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substantially  larger  surface  area  for  biofilm  growth  as  compared  to 
packed-bed  units,  which  is  consistent  with  the  fact  that  high 
treatment  efficiencies  can  be  achieved  at  substantially  shorter 
residence  times.  Based  on  the  results  of  a  field  study,  Miller  (40) 
reported  that  the  reduction  of  chlorobenzene  concentrations  to 
below  the  maximum  contaminant  level  required  hydraulic  residence 
times  in  the  range  of  20  to  70  minutes,  depending  on  the  organisms 
used  to  inoculate  the  packed-bed  reactor.  In  contrast,  similar 
treatment  efficiencies  were  achieved  in  the  present  study  at 

hydraulic  residence  times  of  approximately  7  minutes. 

Based  on  the  results  of  the  present  study,  chlorinated  aromatic 
hydrocarbons  can  be  effectively  treated  using  GAC  fluid-bed 
bioreactors.  Although  for  many  years,  chlorinated  organic 
compounds  were  considered  to  be  relatively  resistant  to 
biodegradation,  recent  reports  suggest  that  many  can  indeed  support 
microbial  growth.  In  addition  to  mono-  and  dichlorinated  benzenes, 
a  number  of  volatile  chlorinated  aliphatic  compounds,  including 
methylene  chloride,  ethylene  dichloride,  vinyl  chloride  and  2- 

chloroethylvinylether  have  been  shown  to  serve  as  carbon  sources 
for  growth  (38-41).  Several  of  these  have  been  shown  to  be 
effectively  removed  in  laboratory-  or  pilot-scale  biological 
treatment  systems  (45-47).  In  view  of  the  many  features  of 

commercially  available  GAC  fluid-bed  bioreactors,  particularly  the 
in-line  dissolution  of  pure  oxygen,  biological  treatment  of 
groundwater  or  process  waters  containing  volatile  chlorinated 
compounds  represents  an  attractive  and  cost-effective  alternative 
to  conventional  technologies. 

In  contrast,  contaminated  groundwaters  are  also  known  to  contain 
chlorinated  organic  compounds  which  do  not  appear  to  support 

microbial  growth.  Extension  of  this  technology  for  treatment  of 
such  compounds  will  require  that  additional  specialized  biological 
processes  be  discovered  and  refined.  Many  chlorinated  compounds 
have  been  shown  to  be  aerobically  biodegraded  by  the  process  of  co¬ 
oxidation.  In  such  systems,  oxidation  of  nongrowth  substrates 
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occurs  fortuitously  while  the  microorganisms  are  grown  at  the 
expense  of  an  alternate  carbon  and  energy  source.  Recent  work  on 
the  development  of  reactor  systems  based  on  the  principles  of  co¬ 
oxidation  of  chlorinated  aliphatic  hydrocarbons  in  the  presence  of 
methane  or  certain  aromatic  compounds,  appears  to  hold  some 
promise  (48-51).  Alternatively,  since  many  chlorinated 
hydrocarbons  are  known  to  undergo  reductive  dehalogenation  to 
lower  chlorinated  homologs  under  anaerobic  conditions  (52), 
effective  treatment  may  be  achieved  by  combinations  of  anaerobic 
followed  by  aerobic  biodegradation  (53). 
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8.0  RECOMMENDATIONS 


Based  on  the  results  of  the  field  demonstration,  GAC  fluid-bed 
bioreactors  are  recommended  for  the  treatment  of  groundwater  and 
process  wastewaters  containing  a  wide  variety  of  chlorinated  and 
nonchlorinated  organic  compounds  capable  of  supporting  microbial 
growth.  The  units  have  been  shown  to  achieve  high  treatment 
efficiencies  (>  99.99%)  and  reliable  performance  when  operated 
according  to  an  established  operating  discipline.  Economic 
evaluation  suggested  that  groundwater  treatment  costs  for  the 
bioreactor  were  lower  as  compared  to  several  conventional  water 
treatment  technologies. 

A  number  of  improvements  to  the  existing  system  were  identified 
during  the  field  study.  Many  of  these  are  now  available  from  the 
manufacturer. 

•  The  use  of  self-cleaning  oxygen  electrodes  is  highly  recommended 
to  improve  reliability  and  system  performance,  since  provision  of 
adequate  levels  of  dissolved  oxygen  was  identified  as  the  critical 
operating  parameter. 

•  Redundancy  of  key  control  devices  or  the  addition  of  a  remote 
monitoring  capability  would  increase  reliability  of  the  system. 

•  Changing  to  the  new  pressurized  bubble  contactor  design  is 
expected  to  increase  the  organic  loading  capacity  of  the  current 
system  by  50  to  100%. 

•  Substitution  of  stainless  steel  for  the  polyvinylchloride  (PVC) 
piping  would  increase  the  durability  of  the  system. 

•  Clumping  of  the  carbon  particles  should  be  carefully  monitored 
during  operation  to  insure  reliable  performance.  The  frequency  of 
bed  soundings  will  need  to  be  increased  for  operation  at  high 
organic  loadings. 
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•  The  composition  of  the  inorganic  nutrient  package  (urea, 

diammonium  phosphate)  should  be  examined  when  excessive 
precipitation  occurs  in  the  nutrient  storage  tank.  The  addition  of 
certain  micronutrients  (Fe,  Cu,  Mn,  Mo,  etc)  should  also  be 

considered  when  the  water  being  treated  is  essentially  devoid  of 
inorganic  ions. 

•  Configuration  of  the  ladder  providing  access  to  the  top  of  the 
bioreactor  column  could  be  modified  for  added  safety  and 
convenience. 

•  A  switch  should  be  added  to  the  top  of  the  mixer  motor  to 

facilitate  bed  soundings. 

•  Provisions  should  be  made  to  minimize  sudden  changes  in 

operating  temperatures.  In  northern  climates,  the  bioreactor 
should  be  enclosed. 
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LAPORTE  DEMONSTRATION  -  OPERATING  DATA  FOR  ENVIREX  GAC-BIOREACTOR 
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127  3.4  12.1  10.0  13.3  17.3  26.6  29.4  10.3  110 

128  3.5  11.6  10.0  11.5  16.2  22.9  29.1  10.4  127 

129  3.5  12.5  10.0  4.2  17.7  0.4  26.3  9.3  311 

130  3.3  10.7  10.0  6.5  15.1  13.0  20.4  7.2  156 
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212  3.0  7.5  10.0  11.8  10.4  23.5  19.8  7.2  84.3  >  99.99 

213  3.0  6.6  10.0  7.1  8.9  14.2  20.8  7.7  146.5  >  99.5 


